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S[LIION I. INTRODUCTION

1. INTRODUCT1O0 AND DEFIr'ITION OF TEI<.S

An understanding of the role of regative iors in low pressure gas

discharges is important in several fields such ;s electric discharge

lasers, high power switchcs, and plasr., deposition of thin films.

Discharges such as these which contain negative ion dersities in

addition to the usual electron and positive ion densities are termed

electronegative discharges. They are so namied since the attaching gas

yielding negative ions is referred to as r electronegative gas.

Discharges containing only electrons and positive ions are termeo

electropositive discharges.

Both types of discharges are characterized by the distinctive

luminous and dark regions shown in Figure 1. The actual position of

the various regions depends upon the gas or g6s mixture, pressure, aoc

current or voltage across the discharge. Startirg at the cathode there

is sometimes visible a very narr-ow dark space termed Aston's dark space

followed by a feeble layer of light called the cathode glow. However,

the term cathode glow often includes the total rEgion front the cathode

to the beginning oi the negative glow. The region between the cathode

glow ano negative olow is oct totally dark, but only appears so to the

eye in comparison to its lumiricus neighboring reqicrs .d is ttrned the

cathode dark space. The neqat7,ve glow is probably thc most luminous

region of the disch,.rge. A sharp luminous boundary exists with the

cathode nonlumincus space, but the bounoary on the Gnode side !s

diffuse and gradudily grows dirrr-r as it irerc es into the relatively

dark Faraday dark space. This is normally followed by a long luminous

". I
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positive column region extending up to the anode glow. The anoGC Clow

appears adjacent to the anode surface. Depending on the distance

between the electrodes, only Aston's dark space, the cathode glow, and

the cathode dark space are necessary ior a discharge to exist.

!t has been observed that the presence of negative ions can

spatially alter the above regions end in some ,Pc'es such as ioaine,

negative ions can become the dominant negative charge carrier through

most of the discharge regions. Formation of negative ions in the

positive column of the discharge often results in striations which can

cause fluctuations in the light output of the positive column. The

most undesirable effect of negative ions is in causing severe radial

construction of the positive column limiting the efficient usage of the

available container volume. Up to now, however, the exact role nega-

tive ions play in the cathode fall region of a discharge was unknown.

The literature frequently cites experiwental evidence indicating that

the cathode fall region contracts longitudinally with the addition of

even a trace of an attaching gas. This was interpreted to mean that

the electronegative gas can have a significant impact in the region.

The original question which initiated this study was if the formation

of negative ions in the cathode fall led to the longitudinal contrac-

tion of the cathode fall region.

[Lefore proceeaing further, definitions of equilibrium and non-

equilibrium are necessdry to alleviate any confusion. Fauilibrium' inL
high pressure discharges is termed loccl thermodynamic eouil brium

kLTE) and means that all states of the charged ana neutral species can

be described by one temperature. In contrast, at iow pressur(s the

term 'eauilibrium', more properly called 'field equilibrium', means



that the electron energy distribution function is characterized by the

local value of E/N (E is the electric field, N is the gas number

density) and the species in thu volume elem, ent ot interest. The

electron distribution function need not be Maxwellian, as long as

it can be defined in terms of E/N. Nonequilibrium at low pressures

occurs when the above criterion for field. equilibrium does not apply.

For example, electrons are not in equilibrium in large spatial gradi-

ents where the inean velocity of the electrons would not be equal to the

mean velocity of electrons in an equivalent, but spatially uniform

field.

Basic analytical analysis (References 2C, 21, 60, 79, 86) now

indicates that the electrons are not in eOuilibrium with the electric

field in the cathode fall region. Since the electrons are being accel-

erated across the cathode fall region, they are gaining energy from the

field faster than they lose energy to elastic scattering or inelastic

processes in the gas. The electrons leave the cathode at low energies

of few electron volts where the field is actually the highest. The

electrons approach the negative glow with a multi-peaked distribution

function as the field is approaching a minimum. Since the electrons

are not in equilibrium with the field, their multiplication cannot be

described by the uSUal Townsend ionization coefficient. This coeffi-

cient is meesured in uniform fields where the energy gained by the

.lectrons from the field is balanced by their energy losses to various

elastic and inelastic processes with the vas molecules. Py analogy,

the equilibrium attachment coefficient also is rot expected to cor-

rectly describe the formation of neqati\e ions acrcss the cath de fall

region. The attachment coefficient is expected to be lorge adjacev-t to

4
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the cathode and then to decrease as the electrons are accelerated to

higher ene-gies. The formatiur cf negative ions in this nonequilibrium

sheath region ha. not been studied either analytically or experimental-

ly. Concentrations of negative ions could alter the space charge in

the sheath region and thus affect the voltage drop across the cathode

,... tall region. This phenomena of nonequilibrium in the cathode fall

region requires a 'nonequilibrium theory', such as calculating the

electron energy distributicn function aF P function of distance in

order to properly model the electror number density and ionization and

attachment coefficients. However, 'equilibrium theory' has often been

applied to oescribe the electric field, voltaqe drop, and electron

current because its results have agreed fortuitously with the macro-

scopic parar:eters -hat have been able to be measured across the cathode

fall region.

2. OBJECTIVES OF THIS STUDY

This analytical study investiqg,.;, the role small concentrations

of an attaching gas play in the cathode fall region of a glow dis-

charge. To do this, e new equilibrium model based on current continu-

ity equations and Poisson's equations was developed. Additionally, a

nonequilibrium model based on the Boltzmann transport equation antI

Prisson's equation was mcdified to be self-consistent, include negative

ions and be more flexihle The electron energy distribution function

was clcilated as a function of distance through the cathode fall

regiorr and the effects of negative ion formation were examined. The

first and rcst importdnt objectiv vas to exanine 'he effects n the

(athooe fall region resulting frori the additior f small amcunts of an

..
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attaching gas such as HCl to a rare gas discharge. The second objec-

tive was to model the nonequilibrium behavior of the three charged

particle densities through the cathode fall region. The third objec-

tive was to compare and contrast the equilibrium and nonequilibrium

approaches and determine their regions of applicability.

3. OVERVIEW OF CONTENTS AND RESULTS

Section I describes the purpose and objective of this study,

defines the regions of a discharge, and outlines the contents of the

remaining chapters.

In Section II, the sufficient condition for the existence of a

discharge is described in terms of electron multiplication in the

cathode fall region. A historical review is presented on how trace

amounts of negative ions affect an electropositive discharge. A

* I. qualitative theory is described which simplistically describes the

result of negative ion formation in glow discharges.

Section iII reviews the previous equilibiim theories of the

cathoce fall region, primarily for electropositive gases. These

equilibrium theories are based on continuity type equations coupled

with Poisson's equation. Boundary conditions are also discussed. A

new equilibrium model of the cathode fall region allowing for negative

ion formation is described and numerical results are presented.

In comparisor; to the equilibrium approaches described in Section

III, Section IV reviews the previous nonequilibrium theories of the

cathode fall region based on calculating the clectron distribution as a

function of position through the cathode fall region. A nuneical

technique for calculating the electron distribution as a function of

6
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position in the cathode fall is described. This study extends this

techniq'ue to include attdchrmert, the presence of negative ions in the

relevant equations, gas mixtures with a variable number of collision

processes, and the calculation of the Townserci ionization and

attachment rates from the distribution function. A convergent tech-

nique was developed which leads to a self corsistent solution between

Poisson's equation and the electron distribution function. The boun-

dary conditions, electron and ion kinetics, and the self consistency of

the solution are discussed. Characteristic cathode fall parameters are

calculated as a function of distance and percentage of attaching

species.

Section V compares the equilibrium theory with the nonequilibrium

theory and discusses the discrepancies between the two theories in the

cathode fall region. The anoce fall region is also discussed.

Finally, Section VI summarizes the new results of this study and

presents some considerations for future study.

A. .. ..- i



ECTION II. REVJIEW OF

QUALIIA IVE THEORY

1. DESCRIPTION OF THE CATHODE FALL REGIOU;

The regions of a discharge were iGentifl(cr in Figure 1. Of these,

the cathoce fall re eion is the most important segment of Lhe discharge

in that the largest potential drop per unit distance usually occurs

there. However, it is probably the region least understood theoret-

ically. It is the region of the discharge closest to the cathode and

consists of the three subregions identified in the previous chapter ds

.he primary dark space or Aston's dark space, the cathode glow. and the

cathode dark space. The properties of the cathode fall region are

almost independent of the resT of the discharge, since a discharge can

-xist without a positive column, Faraday dark space, or negative glow.

. discharge cannot exist, however, without a cathode dark space (Refer-

ence 6). Specifically, the length of the cathode d~irk space, the

voltage drop across this distance, and the discharge current do not

depend on any other external physical parameters such as the length of

the discharge (providing the anode is not so small as to inhibit the
axial current). The cathode dark space is the longest uf the three

cathodc tall regions.

The essential proccsses in the cathode fall recior are as iollows.

Sihe purpose of the cathode it to provide electrons to raintain the

dischare. Several processes rxist by which the cathode can emit

electrcns. Direct processes include therrionic em ssion and t .ld

eriission. For applied voltages up to several thousand volts these

(;vocesse,-- cen he ignored. Indirect emission of electrons, usually



.4 called secondary emission, results from bombardment of positive ions,

photons, excited and reutral molecules on the cathode. Due to the low

collision rate of excited anG neutral molecules with the cathode in

most discharges, the physical processes contributing most to the

emiission of electrons from the cathode: are ion and photon bombardment.

ihe electrons produced by secondary emission . accelerated across the

cathode dark space, whereupon they begin to excite and ionize the gas

creatinq new electrons and positive ions. The positive ions in turn

are accelerated back towards the cathode where they produce new elec-

trons. For every (M-l) electrons produced throuch ionization in the

gas, Y electrons are released at the cathode. The mairtendnce condi-

tion fcr a self sustained discharge becomes

y(M-l)l or M=1 +- (1)
Y

The multiplication r. of electrons depends upon the nature and pressure

- of the gas. It is commonly expressed (in ar electropositive gas) as

Id

M = exp fiC(x)dx (2)
• .- 0

where q(x) is Townsend's ionization coefficient. The number of elec-

trons released at the cathode per incident particle () is influenced

by te size and erergy of the ion or photon as well as the cathode

mattrial and the state ot its surface. Thus, the Cdthode fall region

is whFr(: processes essential I.c the maintcrance of thc rest of the

discharge oLcur. The next, ,(cion describes the sLaling reldl (rships

for ('low discharges.

9
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2. SIIILARI1Y RULES

Although the various parameters describirc e olow discharge are

all interrelated and uften depend on each other through complex rela-

tionships, the parameters describing two differer.t discharges Can be

related to each other usin, similaritv or scaling rules. Two dis-

charges are said to be similar if they are idi,,; ical in one or two

parameters and different in others. For example, twc discharges in the

same gas, at the surre gas temperature, with the same electrode materi-

al, and with the same potertial difference between the electrodes are

similar even if all the corresponcing linear dimensions differ by a

constant factor. This includes the vessel dimensions, the electrode

dimensions, arG the properties of the gas such as the mean free path.

Francis (Refererce 6) has comprehensively derived a set of similarity

rules which result in several invariant quantities. If the discharge

voltage, current, and gas temperature are the same for both discharges,

he has shown that the followinc cuantities are dlSO irvariant:

E/p - electric field/pressure

pd - pressure * distance

jp 2 
- current ocnsity/pressure 2

These parameters remain invariant for respective points in the dis-

charges as long as the following processes dominate the kinetics.

d) Single stage processes uch as electron impact ionization,

*-- attdchient, or detdchment.

b) Penring ionizotion

r) Charqe transfer

Drift and di ffusion from a voluime

if two stage processes, photoiorization. r 'ecombii,dtion are thc

i;.. ..-.........-.... .. . .... .... ,. . . . .. . . ..... ... .... .. . .



doiiinant prLcesses in the discharse, then the sirilarity rules will ro.

he followeo ano the scalino pararietttus above viay no longer be appro-

priate. The above invaridnt quantities apply Loth to the whole

discharge a . well as to specific regicns of the discharge. For exam-

ple, given two discharges with the same discharge voltage, current, and

gas temperature, the invariant quantities for !.he cathode fall region

woulG be:

Vc  - cathode fall voltage drop

F/p - ratio of electric field to pressure at respective

positions in the cathode fall

pd:_ - pressure * cathode fall length

J/p 2 
- current density/(pressurc)2

Easically, given V, I, arid T, then V , F/p, pd , and J/p 2 are

constants and relate how the electric field, cathode fall length and

current density scale with pressure. lhe next section describes the

experiricental effects observec and attributed tu negative ions in low

pres.ure glow discharges including the cathode iall region.

3. EFFECTS ATTRIPLTED TO NEGAIIVE IONS IN CAS DISCHARGES

Several authors have reviewed the effects of adding small amounts

of negative ions to a glow discharge (References 5, 6, 8), but all

d(C'tL with the initial description advarced by Emeleus and Sayers in

10.L Refererce 42). Emeleus, et al. observed the c:fifcts on the dis-

charge Mhen a tract r0 an attacritg gas such as chlorine was added to Z

reon discharge containing a little. helium. tJih the addingi of a trace

04 chlorine, tlhe fluorescence froii the pure neoi, scharge 11 1,strated

in Fiuc, (a changed to that 1iliutrated ir Figure 2b. The following

"S" .. I.

• . .. .. . . . .



results were observed at a pressure of 2 torr and discharge potential

of 800v:

~ 1. Cathode" //
2. Primary dark space, / /"1/ / /// /7

/7 ~ / "3. Cathode glow / /

4. Cathode dark sp ,c ,

6. Faraday dark space

7. Boundary sheath

8. Positive column

4 9. Anode dark space, \

10. Anode glow ,,

------ 11. Anode - _ _ _ "

(a) Ne (b) Ne + Cl

Figure 2 Effect of Adding an Electronegative Gas to a

Rare Gas Discharge

a. All the negative zones (cathode dark space, 4; cathode glow,

3; negative glow, 5; and Faraday dark space, 6) contracted towards the

cathode such that Aston's dark space, or the primary dark space, 2,

became so small as to be unobservable.

b. Curved striations appeared in the positive column, 8, often

accompanied by an increase in the potential gradient.

c. A new dark sheath, 7, appeared between the Faraday dark

space, 6, which was moderately luminous and the positive column, 8.

d. A new dark sheath, 9, also appeared between the positive

column, 8, and anode glow, 10.
I ?
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Spenicer-Smi t h (Rbef eretict 1l and more rfc(eritly , L~ s and ['r

(Refercrce 34) observed siiw, Ir c - tt riore proticunced ul (ects inr pure iC-

u i te discharges , and in he! ium coritcir 4, g d trace of iodine. The posi-

tive columrn was observeo to constrict rd( o ly to ei th r astatiorai y

form or a mo-lie ribbcr'. This type of const iciecc positive column has

ol ten been f ound in other discharges contajii li.ctrorie~ative oases.

Followinqj the discuss ion by Emieleus and Saycer, (Refererce 1'9), the

origin of the characteri stic effects of elect rciiegative yeases w~as

attributeo te' the decrease Mn the average mobilit3 o-i the nEyative

charge carriers as clectrons arc- converted tc, heavier rmegative iuots.

Three almost independent etlects ensue:

a. Creation or additioni ol nenqative iors -orrespond& to an

i nc rea se ini press u te i n a n el1ec tio-upos it ive el1sc ha ree. The reouction of

the drift velocity (-f the el-ctrons by thrir attachment to gas iniole-

cu;les is equi~alent to the r'ore continuous retardation causetd by more

frequent collisions fromp an inc-rease in gas Ircssn, re. The contract &n

o. the netji ive, zones, the occurren-ce of str in the [oSitive

cclumn, and the constric(tion of the positive colutin are all charac-

ter-stics of an electropositive dischiirge at higher pressures., for

examriple 100 torr coiripared Lo 'Itcrr.

h. Since negative icr s are more iLtassive thcr rlectrons, they

idiffuse iure. slowly fret.+ reqiJons- 0 space charge'. Conseovn ,ly,

regtdtV i ye1 s are thOLOl L to Set U1 rec ions of resultdot ney, t i ye space

rharge (' to riakte x,, .fifq ruc' w.) -I11iner THI, ,l ar- it ht, totiio

ti1or. ct double t.rcice chanrqe ldyerY, C' jT-'iti\ i( ext, icu rwj nie

-,nS aria thu conversicr, (A a uriturn p' [,i t ye co; uwn to a s, a ted

c Ilumn . The high f ield gredient between them)- la~yers enhui es the

13



* formation of staticnary striatirns and thtou ',he enhanced boundaries

betvween da;-k anu I umi rou,, eoi oris. The. Cxial field resultiru( ttoorr

these stationary ccuble (+. pace charec regions d(celerates elefctronis

r-to suf ficient energy to procioce waxiur. L citati)r. cf the gaS, aloflns and

N01 Ccoles l ead ig To l ncredsed Ilight erniur., it-n Ihe da rk shea ths, ,

betweer, t he pos iti E. coiunn 8, a nd the F r' dark space, 6, arid the

anode glow, 9, are believed to N. 'fie resu'1. space charge-_ due to

negative ions created in previous regionrs of the tube (Reterences 5, 6,

42).

C. Since some of the electrons becoEre rattached to gas molecules,

the radial Gistribution of negative chargecrir will chdirge. Due

to the lower negative ion mobility, the negative ions will be less

likely to diffuse away from the slightly positive axis ~rthe positive

col umn. Since detachment of electrons from negati\'e ions can often be

dan i nef f ic ient process i n many gases , 1larae concentrati ons of neonaIi ve

ions can build up rear the axis. This causes positive ions also to

drif to the axis to balance the total chujry,' cozul tinyinac-

stricted Gischdrre.

The abovL.' description is based mainly on qualitative observations

'.-.i Ch hldvct Lbceri reviewco in Reference !S. Several quantitative measure-

rePn ts h a v e Len Ta de most o f wh ic h 1)a ve been a c (ti Imp i shed s ince 1936,

cor I rriing trhe Tr:bve hy po the st Th(s Y.- I Itbe rev jewed briefly.

Spenc_ r- ri th (Pit-, rence ("', n rd Vool1sey (ktfe rei ) used p robe

cc siurementc ointd magneti c i ethods fri r-eisur irny ckarge t ,n Prs, ratios

to 1Ov,tAi~rte the (re'a ti ye glow and posi t; ye (ol own t, 0fl5 of low

ressure i cd re discf Kr ye. Probe reasurenenits in he presenice uf large

c uan t I T. t~ I rfec t1 u ris are vcir di f fi cullI to interpret . but

14
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Spencer-Smith found the positive and negative ion conrentration in the

negatlve glow to be about equal, and about 100 tines larger than the

-iM electron concentration. In the positive column, the ratio of positive

ions to electrons remained about the same, but the absolute concentra-

tions iere lower. Spencer-Smith also tound the electron temperature in

the negative glow to be normal (--I to 1.5 e'' -or E/N z 620Td. lhe

electron temperature in ,he positive column was much greater, -13 eV.

lhis can be accounted for by some of the elections being arc(eleratcd

* through several potential drops as a result of striations. However,

the conventional concept o- electror temperature unoer such ncnequi-

Slibrium circumstances probably ;s not valid. Woolsey's results were

S similar to Spencer-Smith's in that he found the ratio of negative ions

to electrons to be 2CC in both the negative glow and the positive

column. Woolsey also dLtermined the radial distribution of negative

charge carriers to be much tfaTter than the normal zero order Bessel

function found in the negativE clow. The number of negtive ions was

- found to be much larger and more ccncentrated around the axis in the

positive column than the negative glow, in agreement with Emeleus and

*" Sayer's speculation. in both experiments the positive column

fluorescence about the center of the discharge tube was constricted.

In a similar experiment using probcs, Zimmermann (Reference 98) found

the positive ion concentrations more than fifty times greatei than the

electron concentration in the constricteo positivt cc'i!in of a hot

catf:ede discharge in hydroger chloride vdpor.

Lunt and Greg (Referernce 63), and Thor.pson (keterence 84), Kove

investigated oxygen discharges. Acain using probe- and r.acs rtJys.,

Lunt and C.regq found the conceiitration of 0 in Lhe positie column

15



I - 7" .-. -.- - *-
V% "

with an E/N 250 Td to be about equal to the concentration of

electrons. In the Faraday dark space an6 negative slow, however, hard-

ly any negative ions were detected (<1,;). Thompson used a radio

frequency mass spectroileter probe to measure the particle concentra-

tions. He found the concentration cf 0 was about uqual to the

concentration of Oj, thus confirming Lunt di,' "'Qc's observation that
L

(0 was the most abundant negative ion. Thompson also medsured negative

particle energy distributions in various regions of the discharge and

compared them to the electron energy distributions in the same regions

in a pure nitrogen discharge. The energy distributions in oxygen

contained an apparent largc low energy peak due to negative ions, as

expected. He determined the radial space potential in the positive

column to be much flatter for oxygen than for nitrogen and the axial

space potential changed much more abruptly through a striatior than in

nitrogen. Although both discharges contained standing striations, the

striations in the oxygen discharge were much close'r together. The

radial distribution of the electron concentr,, 47,,,, 1 the oxygen dis-

charge was almost constant whereas the radial variation of positive and

negative ions both decreased almost to zero supporting the idea that

the positive and negative ions would concentrate near the axis.

More recently ravis and King (Reference 4) observed the striations

tormed in a He-I glow discharge laser. The), calculated the ratio of

vegative ions to electrons to be on the order of 20-110 for a current

dersity of 106 amp/rm 2 and on the order of 2-11 for a current density of

C4 amp/r 2. [he re(iative iens with their lower mobil4+, adily led to

the forriation of both stable and unstable stationary and movi,,y

striations ad- well as the constriction of the positive column when

i6



smdl 1 quart i ties (<.j turr) of iodine Was adni tted to pure hel iur:;

cischaryes (7-10 torr). The forworr wave (anode to cathode) striations

occurred at d 1lihz Trequency lar,( results it, a partial mcdulation of

tht iaser intensity. The racius of tli cnstricteo positive (Clumn

decredsed with an increase in iodine pressure. Even when the column

remained stable, it was not always axially synetric, but often adopted

a twisted configuration ir the discharge tube caused by fluctuations in

the local wall temperature and iodine density. Thus constricted

discharges are undesirable for icser applications, since they prevent

efficient usage of thP d ailable resonator volume. The instabilities

*.-which result in these striations and constriction of the positive

column has been investigated extensively by Nighan and Wiegand

(Reference 70). This topic will not be investigated in this study.

*The occurrence of negative ions in the negative glow ana positive

column is, however, relevant to the cathode fall region and the

boundary conditions relating these regions.

r . -" -- .• -" - - .



SECTION III. ELECTRON KINETICS IN THE CATHODE

FALL REGION: EQUILIBRIUM ANAL S!S

1. REVIEW OF EQUILIBRIUM THEORIES

There are several theories for the cathode fall region in an

electropositive gas which relate the cathode fall voltage (V ), the

discharge current (J), and the cathode fall distance (d c). Thesc

theories will be referenced later as they are discussed. In compari-

son, there is a distinct lack of any kind of analytical analysis for

electronegative discharges. These theories fur the cathode fall regicn

can be divided into equilibrium analyses based on Poisson's equation

and hydrodynamic current continuity equations, and nonequilibrium anal-

yses based on calculating an electron distribution function. The equi-

librium analyses will be analyzed and expanded upon in this section.

The nonequilibrium analyses will be considered in the next section.

The equilibrium analyses are of two types; those which regard the

cathode dark space as an isolated independent unit considered separate

from the negative glow and those which include the negative glow so

that together their processes sustain the discharge. These theories of

glow discharges are thoroughly summarized, but not necessarily criti-

cally reviewed in several references (References 6, 1', 89). The cath-

ude fali current-voltaye relationship derived by von ,gel and

Steenbeck (Reference 90) for a self-sustaining glow discharge has pro-

vided a benchmark for all following papers ard will be briefly reviewed

first. The emphasis will then be on results prescrted since 1-/5.

The von Engjel and Steenbeck theory assumed the electric field in

. .,... ... ..
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the cathode fall tc be a lineerly decreasing function, uf the forn

E=E (1 - (3)o- d-( )
(.

where E is the electric field at tht cathede ar i the cathode

fall distance. The icr, flow to the cdthode is assu;,ed to be mobility

limited so that

V + +E(4)

where v+ is the positive ion velocity arc ij+ their mobility.

Von Engel and Steenbeck used boundary conditions thet set the positive

ion current to zere at the cathode fall-necative glow boundary and

assumed each positive ion incident on the cathode produce6 Y electrons,

-- - yielding

\ - (d)--o (5)

and

. (0) = yd+(0) (6)
e +

Equation (5) is not entirely correct in that the positive ion current

dos decrease at the cathode fall-negative glow bourdary but dcEs not

necessarily go to zero. The question of whether the number of positive

ions entering the cathode fa" from the negdtive glow significant or

,ut has develcpcd into ar, orea of controversy and ce scribee later.

[-9.



Using the empirical iurm of Townsend's ionization coefficient,

A exp (-P)pPE

they derived equations Yelating the total curry-nt J, the cathode fall

voltage V , and the cathooe fall width d The cathode fall ticknesscL c

is derived by applying the mainterance conditcn, Equatior 1, to the

cathooe fall region resulting in

dc
d f u(x)dx .n(l + -)

0

[efinition of the width of the cathode fall is not exact but it is

usually defined as the distance from the cathode to the point in the

discharge where the electric field is extrapolated to zero. The

voltage is determined from the electric field.

d E d
V c  f E(x)dx (9)

0

if E(x) is given by Equation 3. Since the ion current to the cathode

is generally mobility limited, they oeriveo a cirrent-voltage relatir-

ship for the cathcde fall from the high ptessure space-charge-limited

current: voltage relationship yielding

V2
9 o1 P V 

(

i,.- Jl,)2 = ( ) ,)3 1c,)

%. •! " Equations 8, 9, ard IC unique,] describe the LdthOOc tal I  region

ina O cy thp sitilci ity or scaling rules described it. Section I.

[V"



Solving these equdtions nuii:urically for a linearly decreasing electric

field, provides good agreerert with experirment over a wide range of

conditions in electrcpositive gases. Helium is an exception and one

reason may be that the Townsend ionize.tion coeffIcient cannot be fitted

*With an exponential ferri like Equation 7. However, the above

assumptions have recently become controversial areas (RPlerence 7).

Druyvesteyn and Penning (Re;ference 38) pointed out that if a sic-

nificart number of positve ics entered the cathode fall region from

the negative glow, the maintenance condition for the discharge was

altered to the following:

1+1
d=n (i)
c + +

where is the ratio of the positive ion current co the electron

current at the cathode fall-negative clow interfdce. Thus the value of

Ldc could be reduced if the positive ion current was corpparable to the

electron current at the cathode fall-necative glow boundary.

Little and Von Engel (Reference 59) refUte the idea that a signif-

icant number of ions enter the cathode fall region fro. the negative

glow. A linear electric field requires a constant net space charge

density in the cathode fall, whereas if - significant number of

pusitihe ions oricirnated in tht. renative c low, then the positive ion

density would b expected to decrease towards the cathode. A Irgold

(Relerence 7) pointed out, these are not conclusive arguments, since

such field measur,ents are vry difficult and any sowly varying iield

would appear apprc;ir;Iately linear to the xperimeric.list. Pev ,2ws by

Francis (Reference 6) and 1eston (Reference 93) survey many atteripts to

2i
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iliedSW-e the electric field in the cathode fall region. The weight cl'

the evidence Sllggests dfl Electric field decreasing l1inearly thrcough the

cathode dark space Lecoming alicFt zero in the negative glow. Sevcyral

recent theoretical papers have tried tc, show the eh(,,ric field to be

linear in the cathode fall. These pape(r-s will be reviewed kter, in

chronological order.

The oither drca, of controversy is the concept of Townsenid's Icri-

Zation coefficient ( )and the assuription that the electrons are in

ecuilibriumi with the field, I is the number of ioriizino coll~sions

per centimeter of path length and is usually deternined from dr4ft tube

experiments. These experirnen's assume the electrons are in equilibrium

with a uniform electric field. This condition probably is not met inl

the cathode fall where the electric field changes rdpidly. Evidence of

01,- appears in the nonequilibrium analyses of the cathode fal' by Long

(Reference 60) and Tran Ngoc An (ReFference ('16) which arc discussed ini

Section IV. Thus the theoretical rmodels based on the concept that the

electron distribution function is in eauilibriui with the field may not

be valid. As von Enigel noted about his own theory, the ECuilibr-iuii

theories give "physically the correct picture, hut the numerical

agreement with observatior! Is largely fortuitous" (Reference 89:224).

This observation i;s also discussed ]at(-.) -Jr ection V where the

eori''briUM dnc; ocneouilihrium results (ire comparco.

Ke Returii ug to the Yrrview of the literature, F ince 1 97f,, Li yarv

[.ilu re n t- 7 ) a ndlytiCal ly invest i(:ated the effect of thL [psitive in

('ntrihnt crI from Of. recative O he bd:sed his approach ur. experi-

f io eviotilce of Giunthctshultze iPeferencv OC) indicating toat as the

node -1,prUdcheS W [Ihe 1 msl s id( r, Lhe Cdth60Pe -heath, tl~ potenitii~l



droup acrLcs the cathcec loll increases. This jIiidtes thll. some of

the positive ions requir~d to carry ,he curren! r the cathodc tall

region originate inthe negative glow. Ul'ydnov solvced the following

set of equations for both high and low ion wbility cases, defined

below

dE -en+

dx (12)

dx -(u-j+)u(E) 
(3

ol(E) =Ap e (14

J+ en p< E (low field case) (5

J+ en + k+ E 112 (high field case) (16)

The boundary conditions which neglect any potential drop in the nega-

tive glow are given by

E(d) =0 (17)

J+ () 'Jo0 (18)

where vwa, d Vdridb - parameter i'tepreserltin in his thuay the ratio

ef H,(-.tvL- ion current deri. ity to electron curret 1. dfcosity dit the

cdithodt 1d 2 l-feqati'u* glow bourcerv. For both m~obility cases, his
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final transcendental equations contained integrals which had to be

solved numerically. His results indicated thdt if the fraction of ion

current coming fron the negative glow (1) decreases, then the electric

fielid at the cathuoce increases. For a given secondar, emissi or coeffi-

dient (,) , he determined tha: the normal cathode fail potential (Vh),

normal current density (JN), and normal cathc6 fall length (xr)

changed quite slowly over a wide range of A values. he found thL

oreatest discrepancy between his theory and von Engle's theory at sr.izll

where a singularity existed in his equations for VN and JN' His

equations for VP , JN' and xN depended only on gas, cathode parameters,

and s , once the transcendental ecuation for the electric field was

... solved. From the fact that VN, J' ond xh were a function of 6, he

concluced that a complete theory for the cathc;de fall normal glow dis-

charge must take into account ion production in the negative glow.

Neuringer (Reference 69) made an aralytical investigation of the

cathode fall region in high-voltage low-current discharges. He

determined that to first order the electric field decreased linearly in

the cathode fal' recion, the voltage drop depended or! the two-thirds

power of j/p2 and the cathode fall thickness wa. independent of the

rperating current d116 'aried inversely with pressure. His roodel

rombinec tfic electron current continuity eouaton,

dJ
e ,(,E(x))j e x)

. --.. .

dx e

.- ?4



Poisses equation,

w'IdE -I [J (x) 3 (x) 1]20K -1 e (X)a = -L + E ( ) v - ( ,)0
0 e

with the requirement for totc(l current Ccr!,ervatlor.

vJ 0 or J = J + J = constant (21)
. + e

Sand J+ are the electron and positive icn current oensities and ve + e

and v+ are the electron and positive ion drift vclocities. He used

Townsend's iorization coefficient (Equation 7), Ward's (Reference

92) noc-fied formula for the positive ion velocity for ions in a h-uch

f i :Id,

112

V+ F /p) (22)

and the fact that v+/v'e << 1 throughout the cathocE fall to obtain a

differential eouation separdble ir, and E. This equation

dJe e v -oAP e k( E_-e/ (23)

can be integrated ac.1rlny the electric field gueb t( ., U nd the

electron current density is equal t( tke total current densit at the

cathode fall-negative glow boundary.

25
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Fid) Q0 A

(d)

he was able to derive an expressien for the rlectrlc lield as a furc-
tlon of distance by assuming J << ' close to -he cathode. Keeping

e

only iirst order ters, he derived

E = E x
0 k .) E

+0 0

Assuming r -;4 t;ternal l ir itiated electron current density, such that

(K+ (27)

he dISO obtained

['.2'" 2/3 ( 2/2

_Jo +

The deriution of Ecuotion 26 is i,portant he(iuse it was the first

.-. me the lin.r- tunctionai dependence of the electric field r, Cistanroe

riac been derived, and not assumed. He cli.s gooo agrement with

experirental results quoted in Francis' article (Reftrence 6) aL v ith a

'oriputer rndel usir( c differential equaticr, solver Ltthique vhicO was

p rcviousl dy 6tioped 1), 1card (Ref ei ce 92) to sc, l\,r Fquatioi s 19

"r,-d 20. F 'rf houyr ht uses valid khoe ddry cu t i ions (Ect:oLions

orG :6) , h,. redel ic r rect only ir reoion I dear Lhe

.t -ode ,i I L has ,sur v ( /p t'v., k cJ irI u(jC(r te

4 +
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drop terns. Additiorl ornalysiF i the next section inclixim negdtl (r

iCES dand reveals that the l irst order approximat~luris do not ht.ve to be

made. N'e'ertheless , his resul ts ;dd crederce to von Erc:e' s assuiption

ttT the electric field decreases liuuctrly in the ccLhode f 1  recion.

Davies and Evars (eferencE 7 xteCOLC tBerinoer' 's analysis and

showed it could be applied to the whole discharge by cheiqing the

ooundary conditions ard assunmii the ratio ,.f positivw ior to electrer

mobility to be a constant.

r = -(29)

e

This assumption was found to breakdcwn only at electric fields for
which 1 - J << r e , which norrally was rct the case. The boundary

condition at the cathcde was the same as Neurirncer's i.e. Equation

,7, 1,ut the other boundary condition was changed to represent tJe

electric tield at the anode or to specity a particular applied voltdce.

E(d) E 3
a (30)

d
V = f E(x)dx

lased uper, coibining Peisson's FCudtion ZU dfld the electron current

continuity Equation 19 inte a transc-erdental type (': uqA1 I r

includinu the abovw chonges, thc: Oeveloped a new, fast ruuicrical

te(.hnique for predictirg the varia!fcn uf E ,nd j r,5 a functior: ut

distance from cathode to anode. Althouyh Equatior 9c is ttue n

tle cathode ta! reaion where ionization is the doir iant prur.(-C ind

27
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-the eleCtlrONS are scottered pre' oruiinantly in the forwarG directir, it

*ics riot corre.ct 'r the posit.,,e columin rf.c-ion where zhe electirorc are

scattered isotro~ically and the gain 01 electrons is tLiidnced b lesses

tL) rodial diffusicn, recombination, (,r attachmentir. In' essenc,(:I w'hen r

''held constavt , this is tantalMOUni LC irici udircc diflus ion 'n the

-positive column. Howver, diffusion was iot 'rcluded as d oss process,

7in the Cectron current continuity eoiuaticn. In add-ition to this

discrepancy, thE anode fall \'cltage appears to be iich too siall

[stinratirg from their Figure 1, the anode fail in helium arr~ears to be

less than 5 clts which is wuch less thir the nominali value of 26( volts

(Reference 6:14f!). Later in this chapter the, same proHlem was encce,,r-

tered when this ixthod was use-u. Further discussion of the anodc- fall

is reseFrved for Section V.

Recertly, Mitchell. Kline, aroa Denes Jfcrence F.7, calculated the

*elcc*-ic tieW, particle fluxes, ano particle dpr ,ities as a function

of position in the cathode and inooe regiunw. rf a high pressure glow

dISChdrgc, cortainirc, an dt tachinu uas mixture,. They usetc a one dimer-

* )nal steady state continuity equetion model irclt'ding Poisson's

eacict ion. The Ililowing bounddry conditions were Used:

C~t KAnode Positive Colnin

-n n~f dJ-- d n d F
e+dy dx Jy 32

v 'Iiere_ J /d - an(' E %,ere adjustable initil paranoiA s TheY r., i tud

that tie. cathode sheIAth charaicteri stics are insersi t \ to varini ons



in the concentrations of thE attachine species, whether diffusion of

electrons were included or rot. However, they found the anode sheoth

was affected by the inclusion of electron oiffusion as v,(,- as the

attaching concentration. As will be s-own in the next sectiuri, the

boundary condition fur the positive column in Equation (32) may nut

lead to a unique solution. Thus there rerains some question on the

convergence and hence self-consistency of their s( utions.

' 2. NEW EQUILIBRIUM ANALYSIS OF 1HE CATHODE RFECION INCLUDING NEGAU\'E

IONS

This section expands Neuringer's analysis of the cathode fadl

region to include negative ions. Since the ratio of positive ions tr,

electron mobility is held constant, the transverse diffusion ot elec-

trons was added to tte electron continuity equation. A one-dimensicral

steady state distribution is assumed so all quantities are functions of

L:(! distance Y from the cathode surface and not of the transverse

geometry. When attachment and transverse dilfusion processes are

included, the equations governing the steady-state discharge are:

P( issurs's equation

[,---dE -I +

dx - v (32)

the el((,ctron current continuity equation

d,= (e J (34)
• - d x 2 e ( 4

V

i-i~iiC
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the neqative ion curreii k(.ntinuity equatilu

dJ -

dx Pv eV-

.nd the total current ccr,_>t rvatior ccot lll

-J = 0 or J 3 J + J + J -36)

where L is the electric field strength, L!+, ', J and J are the

positive ion, electron, negative ior and total current densities
respectively, v+, v., and v_ are the positive icr, electron, and

negative ion drift velocities, F is the Wtrmittivity of free spdce, a

and , are Townsend's first ionization and attachment coefficients, be

is the electron free diftusion coefficient (cni/sec), is the electron
mean free path, k. is the ion-ion recombination rate (cm3/sec), and x

is the distance from the cathode tc the anode. These equatiors differ

from Davies and Evan's equatiors. In that negative ions have been aaoed

to Poisson's equation, attachment and electron diffusion have been

added tu the electron continuity equation, the necative ion current

continuity equation is now required, and the negative ion current

density' has been added to the total current conservation equation.

14orralizinc the current density to unit implies:

- e =
e e J (37)

Then dividing Equatior; 33 by 34 ard using 37 to eliminate

3O
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the pusitive ir current dr,-. ty yields

dE -J + ) '
d V V e (38)
e o + ) (32

e
Equations 2,I, 35, and 3V to e tne set Nl, ich will be analyzea ir.;tead of

the original s)stem ol Lcrtations 3", 34, and 5. Because Vi U, v.,

v are strong functions of the electric fielo, il-is system of couplec

equations is highly norlirear. The system beccmes solvable if the

cillowing assumptions are r.ade:
V V

+ = r and- - 1 (39)
V e  V

lhe variation ir, r with the electric field is very small and becomes

significant only when J4 )> r Je. Thus these are gooo assumptions over

the complete range of E. Making use of these assumrptions, separating

variables and using the boundary conditions E/p = E /p and je = jeo at

the cathode results in the following integral equation

Der eo dje
)vpd(E/p)= -- [l-(lI-r)je- e (40)

v 0 e
E/p + Je

The Townsend first ionization coefficient that was used, was the

iiiore general form given by

-(B(p/E) s ) (41)
"=Ae
P

where A and B are e rrirically determined ccnstants characteristic of

the gas, and s=1, for molecular gases and s=j for mu;,,,omic rqaes.

" Similarly, the attachmt;t coefficient can be expressed ac an exponen-

"ial

U/p = C e 
4D(E/p))

)(4L
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-r as a series

r,/p+ ) a (E/p) i

i =l

where C, U, ond t or ai are e.Fpirically determined constants dcpending

on the attaching gas. These are gocc assumptions provided the elec-

trorns are in ecuilibrium with the field. The Ion dritt velocity in a

high f eld region can be described by Ward's nodified formula.

v+ z k (E/p) I/2

Substituting for , , anc v+, Equation 40 becomes:
E /p

-Cp )(E/p) e / 2

f [Ap eB ) SP eD x2 k (E/p)1/2 k+(Elp) pd(E/p)
E/p + (45)

j eo 1 (l+r)-2 Le Jdj

o e

Changing variables by letting 4 = B(p/E) s , the first term on the left side

of the equation becomes the difference of the two incomplete gamma functions.

Eo/ -B(p/e) s  1/2 = 2 Ak+3/2s 1 e1
E /p 0

Ap e k+ (E/p) pd(E/p) Ap ek-+Bd

f T +1 (46)

I_, Ap2k +B3 /2s
S 2 s [r(-3/2sB(p/E )S) - r(-3/2s, B(p/E) S)]

5 0

-t a-]

'.here vi(ax)- e t dt (kererence 9:26C) Simi iarly

t
charcqing variaHles so that 4) D(E/p) , the second ter, bcomes:

E /i) 2 3_
2 1/2 -D(E/p)t -Cfk ( jt-I -d(E/p) e d(E/p) = e A3/2t 47)

-Cp k+ E/ t D. 3/-t)

Cp'k
-"t D 3/2t [ (3/2t, D(E /P)t ) r(3/2t, D(E/p)t )]

32
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The third term integrates easily to yielc

E d(E/p) e [E /D -E/p]J 2 d(p (48)

E/p

Integrating the right hand sioe of 45, yields

i Jeo Jeo
J--- [ - (l+r)-2- Jdi - - J

0 le JO 1;e E 0 Jeo j e J

Therefore 45 can now be rewritten as
3 e0r 232s es ] +AB ,< s,

AB[;( 2-, B(p+E) t t , D(E/p)t)] - Dr +
2S Tt-,(2tD(Epk +p E/p s F~ 3-'

C D r a e J eo( ( 5 0 )

2 (E /p ,2 n( (+r)(eoj j ) f2
tD2t 27-LD(Eo/p)t)J 2k P k+ J Fee (

The ga.ma functions can be simplified for numerical calcula'. with

the help of the following recurrence relation (Refererce 15:457).

r(a+lx) = av(a,x) + xa P -x (51)

For s , .(/'2s, x) reduces to

1 ( ) e- 2 (52)
i v1(-3,x) = - {[El x - 2 + 3

x x

-t

where El (x) f e dt the cxponentlol intearal (Reference £:2?8).
tx

Fur numerical calculations L;(x; car EaSily I, rcpresented y Folynoi-

al dp[','(Jration (Reference 9:21). For s 1, ' t-/Ls, Y., re (uces to
3, _ 2 -x( 1 ( L Q,)

,.) 4 erfc x + e 2/ - 1/" ) = ' 3 x ' Y

2
wt efre cx ) -.. f e dt is the comp] ewent~a ry error "u', tin for

0

vh ki th. rve are tab le.

o.b)



Similarly ior t - , (+3/2t, x) reouces tc

-x
3 e

5 ,x ) v-n f- -
r' x 2=-- erfc ,x v

These simplifications for the gamma functiui, obove werf used in the

numerical calculations to ease cornputation. Error functions, exponen-

L.ials, and square roots were more accessible in computer libraries that-

incomplete gamma functions.

These terms still form a trarcendentai cquation in~clving j and
e

E. Giver i et the cathode, various nathematical methods can be used

to find E which is a root to the equatior. This field can then be used

in solving the ccrtinuity equations, 3, anoi 35, very near the

cathode. Iteratively, one can spatiall) step from the cathode te the

anode by alternatively solving for E(je) and j This methcd elimi-
C

nates the integration problems conventional differential equation

solvers have ,n solving the original set of equations, which included

PoiF.ori's equaticr explicitly. E(j e) is a sri:ooth furction and can be

deteraineo usir-g successive numerical approximations to solve the

transcertdental Equation 50. See Figure 3.

An expression for the ariation of the electric field car be

obtained by first taklr: the derivative of Equation 50. The

dcerVd-ive oT Eech of the terms in 50 is given below.

'3.. d lB( /EBs d E/
,' 2-s B(p/E) A(E/p ) dx

.+
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2r/ eDrEp

DEp) _/] D JEp
&X )dX de

x k k P(57)

the las tw em n 59) aIre ( nelgbe 2nertn Eqato

59 unde thes eoin yield

(E/p) =* (E /p) - k (5S)

Eqrationg th4 iort tw ormiabnoilexnin yields

E/p/p d /po j dx____(E/p) ~ ~ 2kx 2p1c(~ ) e Dp)d1I2

Inantelect49 psith e gasmead j e 4 1vr near the cathodev Thssou1~

the leastin ir two term whic c9ateinedlgbe Itegratin Euation1t

59p) whdch thee convitin eldopdsh ioi.e~esu*~~
3

2 3Jx

or Etain h 61 rs two ver eas lon as (Euma expasio yields

+ 0 o

Thi i tu am rsut euiner-obaied 2.,usngmay36r

aprxmain in his deiain li eandcl -frI em i



ihis inequality holds in the cathode fall region but ray rot hclo in

the negative glow or positive cclumn region where E0/p becomes very

small and no longer a linearly decreasirg function.

Returning to Equation 59, the dominant terms for an electro-

positive gas are

(l-Je) Jj+ Jn+e (62)

k+P2
0 (E/p)1/2 k+pCo(E/p) /  OP

which is consistent with Poisson's equation and the fact that the field

in the cathode fall reqion is determined primarily by the positive ion

number density.

In an electronegative gas, the situatir is more complex. How-

ever very near the cathode even in an electronegative gas, j_<<je and

<< 1. Thus the field there is determined primarily by the positive

ion current in both electronegative and positi\'e cases. As one pro-

ceeos across the cathode fall, the electron drd negative ion current

denrtips increase in a related manner given by 35. This has the

affect of increasing the slope of the electric field as can be seen

from the following analysis.

It was found from the results of the next section that the nega-

tive iun current density through the cathcce fall region could be

related to the eleLtron current density by an exponential function of

the followirj form,

mje (63)
j_ = e -c

where c is a censtant determined by the boundary ccrdition that j = 0

6L the cathcde: ar;d in is an empirically dctermineo ccnstant. 4sults oi

the nonequilibrium analysis in the next Section also confirm that

37
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EQUation 63 is c good approxiriation thrcughout the cathode fai I

region txcept for a 'ery small re ion a few electron meaci. iree paths 'r

lenyth in front of the cathode. Usir(c this appro>ildtion, the deriva-

tive of the 4r,tegral on the right side cf 59 becories

Jeo j D r mj..de (f d )(c-e e
dx Je dJ J pk(E/p) (64)

e+

After integrating 59 and using this expression, one can solve for

* the field as a function of distance

-3

(E/p) = (Eo/p) 2k+po (l+2c) - (l+r) Jedx_ 2  e Jed (65)

aking the first two teriiis in a binomial expansion as beforc yields

E/p . E0/p - k -T x(l+2c)-(lr) jedX -2f e nUed Yt 6)

k+P (Eo/P) 0 0

In the electronegative case, the field is shiTted higher at each

., corresponding x near the cathode by the factor (1 -v Lc). This shift is

-' small but can be observed in the results presented in the next section

as well cis the results of the nor;equilibriur analysis ir. Section IV for

rii>tures of Xe and HCI Thus this analysis predicts that the attaching

cas slightly lengthens the cathoct tall arc slightly increases the

catcde fall voltage. As t1:e electron ctnurent dens', grows v'th

respect to distnce the integr~l terms become large, rc have the

effuct of increasing the fiel d -m the postive coluirr region of thc

discl1nge. Thus increasing the amount of in atta(.,cr d'ISO in(..eases

the field iti the positive columr, region in an attempt to balance the

6.



qair and loss of electrons.

Returning to Lquation 59 and solving for the minimum slope of

the electric fiEle yoeids

[n j
d(E/p) 0 = -d l-(1+r)J + 2(c-e e )

dx ii n k+Pc (E/p)T/2  e

The minimum field ir ar, electropositive gas occurs when je 1/1+r. In

the electronegative case, the minimum field occurs when

J+2(c-e l-2j (68)

e (l+r- -+r

Both of these expressions are equivalert to charge nELtrality.

+ = e + n_ (69)

3. DESCRIPTICI OF PROGRAV, GLOWK

The GLOW program w~s oeveloped during this study to provide a

fast, yet complete Cescription uf the electric field in a gas discharge

from cathode to anode, similar, to the Davies and Evan's model (Refer-

erice 32). lhs type of model was chosen because it can give a complete

( escriptior of the elfcctric field as a function cf dislarcE from

cathode to at:ode. The avantage of this type o! technique is that it

r,inimizcs the number o- Lounddry condition.. This code differs from

most c-thr dpproaches including Davies and Evans Lj starting a. the

cathoce and procfeing towaros the anode. Post other dpproachF Ftart

39
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-it tt'- g,,rude or positive colirr nd work Leck towards the cathoc Cue

to sttl111ty problems. This methoa is sufficiently .table to sti.rt at

tht, cathode ALrt the boundary cordit ILns on the recitive ior current

are wel . kiown. The theory upon wvi'ch thi( model is based has al ready

been aescribed in the precedir, section. THic., sectior: will describe

the boundary corritions drd the iteratur te.u 'i(Les in detai.

The boundary conditions usee at the cathode and anode aru uers on

whichl there is fair agreement. The boundary conditions used at the

.cjathode are

j (0) Y j t70)

e +-y

j (0) 0 (71)

where is the secondary emission coefficient at the cathode. The

other boundary condition requires current continuity it the anode such

J + J J or J+ 0

Other techniques suCd as startir, in the pc.i ive column using a

differential equation solver and startlng toward the cathod,-, usually

rcquirt onp er more boundary condition,, in additicr ( Eoualir 1.

dnd Ii --o match solutions for earh region being cescribcc.

[he ct(hd is based or, o .hootlrQ technique ,hich varies the elec-

trIc 17,fd at the c ,thode wo (orvprge upor ' calculated value uf ,hc

electric field at tt.c anode. Thr alue of the eiectric field at which

AC
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the electron currert density plus the negative ion current Gensit

" equois the total dlischarge current dersity was fourd to converqe very

quickly tu 6 cenntant value. This elue of the elcctric field., at

vhich the arwoe boundary conditiors !old wds the field that was the

target in the shoc, tSy technique. After -P(l iteration from cath(ce to

ancie the target value of the electric field at the ainde was updateo

with e r:,ineo value for which Ecudtiun 72 ids.. If E(d was too

high such that

J + > J
e

then E(C) was decreased. if E(G) was too low. cr the calculation did

not reach the anode, then E(0) was increased. Figure 4 shows the

electric field as the prcgram converged. For the second ara twelfth

iterations in Figure 4, no solution existed for the transcendental

euCtation pasz the points plotted. ihis implies that this technique

*- converges rut only t, a solution which sdtisfics the boundary equa-

tions, but. is also the lowest voltege for the discharge ior the initial

conditions.

Any numerical techniqu: for finding the roots of er equation could

he u sed in solving the transcendental equation, uch as the methcd of

halving the interval. However, 6 modified linear interpolation method

(Pef-ence 4:4C-l1) was used since it ts supposed tc Le sligthly fast-

er than tle halvivi(c the interv, i riethod. Ihe (Ply re(t yemenl w is of

*.hu first t-.( estimiate_, for E(u) sould bound the soutior, .e. one

- estimate b too larye rd the othrr ' .o small. larid conver;erice to

4-C digit accuracy was achived withir 76 iteratic , fron ele( tic

.. fields differinq as .uch as 10-C2'/cm at thc cdthode. humerical

41
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calculations were terminated whe,, the target, E(d), was within IC, of

the calculated value.

Within each uf 'hese iterations from calhode to anode, a ditferFr-

tial equation solver, and this modified linear interpolation method was

used to solve the £"sten of current contintity equations, 34 and

40, ard find the roc, t the transcendental Couation, 50,

respectively. he variable c-rder Adar.i. predictur-corrector riethod

which was part ol & differential equation solver package called UGEAR

(Reference 36) for solving stift aifferential equations was used to

solve for Je given an electric field. The overe" iteration scheme

from cathode to anode went as follows:

a. Given E(O), DGEAR was c lled to solve the set of Equations

34 and 35 fer j e(x) a short distance from the cathode.

b. Given this value Of j (X), the modified linear interpclation

r,ethod was useu to find the root or equilibrium value for E(x) from, the

transcendental equation 50.

c. Given this value of E(x), DGLAR was called again to solve for

a rew jW(x) at the next small increment in space. lhe spatial step

size h was usually picked such that. (E(O) - E(Ij))/E(O) < I§. This

cycle of calculating j e(x) and E(x) was repeated as the program stepped

fror. cathode to anode.

The program can be run without the help of the differer ial

equation solver, usir the fiel at the lasL step to cplc d:Iot the

f-Ield from Equation 50. toewever, this method was vey sensit.e to

t he spatial step size used. The addition of a differential equation

solver to p, edict the electron current density at .ne ne;,t st#j where

the 110nscendental Lquatior. E0 was to be solved next, cnabled mtlI,

43



larger steps to be taker with a savings in computer time.

The (ILOW program, incorporcting both a differertial equation

',,lver and the modified linear interpolation method was usually run on

a Cyber 750 computer system. Each iteration took on an average less

than 4 sec of execution tirie for 250-300 spatial steps. It required

less than 52k oi mcmory to load and run. FPrnweters used in the

numerical calculations are described in Appendix C.

To establish a boseline anO uerify the ccuracy of the technique,

." Davies ano Evans' boundary conditions and initial values were used and

the resultant field plotted in Figure 5. They set the electron

current density equa! to th total discharge current and then varied

the electric field at the anode urtil a fixea value of the field was

obtained at the cathode. by stdrting at the anode, Y was not required

i as a boundary condition. The GLOW code was first run from anode to

*. cathode to determine f at the cathode. The code was then run from

cathode to anoo: using this value of = .293. In this instance, was

fixed ano the fiele at the cathode was varied until the electron

current density equaled the totil discharge current density at the

anode. As can be seen trom Figure , very guCo agreement of the

GLC co;de (cathode to anode) is obtained with Davies and Evan's result

(ano(t to cathod-,.

4. [stIIITS OF NIR[kLCAL CALCUL[ATIONS

lhis s(ction presents the re'sults of calculations u-4nc the GLOV

code ir various n,,xtures of rare gases with PCI. All oetd presenttid

Sfor He; onC Ar was ohtained for ! ds pressure rf I torr. The .dta Tor

Xc v.as calcu]eted for a 9d! pressure of 160 torr. however, it wa,

44
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found thit f or a]~ t hree rare-ces mixtures. the resul ts dt dl tTet CO

pressures obeycc the follow~ing pre,,,ure, scalingj relationship!s.

J/p2 = cerstant

pd =coristont

Th's findiny is in accordanice with the sirnilciril.y riules or sco'-rgq 1dWS

Tt~t (-as discharges discussed in Section 1. Ddtci W61 *aken at 1. 10,

drid 100 torr for two gas mixtures mrd was foun" ,o deviattc >sEs than

.U1l(, fromi these scalinc relationships.

A current-voltage relationship, simiilar to [quation 10 cdn Le

derived for the high 1held case where tLhe positive ion velcc-:ty i's

proportional to the squdr-e root of the field. Following von Engel and

Steeribeck's derivation, but using Equation 44 for the ion drift

velocity results in~ the following current-voltage relationship.

2 v 3/2
J/p2 1 .4344f- k (I + y) --- , 5/7-4)

(Pd)

Thus, this icow scailirej functicr

SF k J_ pd-(E

C

is d constorit for a given -Y and k4 in the hi~h fiele case. ThiIs

Fcal inc relialionship 'I useful ir cLiparinyri 6&te at 01 t cttv~lt vol ta'c-

011(. currents.

kesu I u v.,411 he preserted in tiL, secijonce Heo i:tures , Ar rix-

I inf: ,, a ther Xe rixtures,. Pesul ts wil 11 h di s ,sed in thL section

lcr the uuthode fd,7 r re positive columun regions, but not tor the drtce(
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fall region. At present the CLC code does rirt adequately aescribe the

anoo region. The anode ial re jn is discussed in Section V.

liIiuri Mixtures

This section presents the results obtained 'or He/P!Cl riixtur-L,

given V I torr, d 3cm, J = 1.6F-5 amp/cm 2, and f .2. A summary

of numerical values fto the following figures is yiven in Tatle 1 for

L /p, Emin/P, pdc, j /p2 , and V E is the electric field at the

cathode, Emi n is the minimum electrc field whirh in these calculdtiors

occurs in the positive column, p is the tota,! (as pressure, dc is the

length of the cathode fall region, J is the tetal currenc clrough the

discharge, and is the cathode fall voltage. Consistent with the
. C

somewhat arbitrary but common scheme for celculating the cathode fdli

•:" distance, the linear cathode field rerion was extrapolated to zero to

determine the cathodL fall leriSth dr. The cathode fall vcltaae was

obtaired from the voltage between the cathode rd this point. (Other

definitions can be used, but for the comparison with other published

models this delinition was applied. Experimental comparisots would

have slightly lower values). The last column in Table 1 is the

scaling function (SF) given in Equation 75. lhis scaling reltion-

ship hellp, t.o put in perspective tte various ddta on cathode fall

pdrameters. The value of SF(f, k,_ for 100% He agrees only within

i.., of Wards theoreticel data (Reference 92). This discrepancy is

" . ldrgel, due to thF 'terent dpproximatier; ior the pos.tive ion drift

vl((ity which i't. used:

v - L/p(1-C [/p) E/p I (7(,)
|, •
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V + k E(plp) 1) E/p W1
+ (/p) 112

whiere for He If+ , : 8.E3 cm2-torr/volt-sec,

k 4.1E4 cmi-tory C = 8.E-3 torr-cm/volt,

C 27.44 volt'lcm-torr" ard h] 25v/cP,-torr).

At 2Q(jv/ciii-torr, Ward's approximation yields a rositive ion velocity

that is only 1% larger, whereas ?1. 2U v/cm-tory it is 7,' larger.

Since the slope of the electric field is inversely proportional t(o the

positive ion drift velocity, the cathode fall length and voltage are

alsL sensitive functions o.f the positive ion dritt velocity ano largely

accounts for the abcve discrepancy. Very Li(iCG agreerert is reached

with PNvies dad Evans data (Reference 3Z) for Y = .23. Care shoulo be

taker, in comparing the values Uf SF(',k) since this 'constant' is

proportional to (1 + y).

As can be seen in lable 1. for He/HCl mixtures and also later for

/r/HCI and Xe/hCi mixtures as, well, the theoretical alues for

SF(Yf') 6o not compare well witt values derived from experimental

results. This is ue nainly to the dTlrnition cf V and dc and the

great, difficulty in makir;i: eccurate field or voltdue measurer etts in

the cathede fall region. Field or veltage mritsureents 4r the cathoce

fc!l region arc exceptiur,oally difficult due to the Htih fielos and high

ield gradient. V c ar cc theore,icelly are defrneu , he ,.int at

wt[,ch the tieAric field (dar, be extrapolated to zero. In order to compare with

tcureticai r.sults, iccurate measurement of dC0 and also V(

rE( uires trla the, electri( field in the cathode f 1 be measi; ,d. Only

recent'> wth nunpertirh inq op t cal mea'.1rerrent te( hi iquCs his d(I rate

4q
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fiel weasurepents in thc cathode -fall region been fessible. V is

usually measured as the anode is moved closer to the cathode while

keeping the discharge current constant. The potential difference

across the electrodes decreases linearly as the anooc is moved through

the positive column region. Ps the anode is moved into the Faraday

dark space, a sudden drop in potential occurs as the anode fall

disappears. The potential difference at this point is often

experimentall defined as the cathode fall voltage. Further movement

ot the anode through the negatiVe clow causes the voltage to decrease

very little due te the very low field in that region. At the edge of

the cdthode dark space, the voltage begins to rise rapidly in order to

nraintain a constant discharge current. The cathode fall length is

usually equatea to this determination of the iencth of the cathode dark

space. The experimental definitions of V aro d are thus not

consistent with the theoretical definitions, however, the deflection

of an electron beam shot across the discharge has been used to

determine the field in the cathode 1:al1. The lencth at the point where

the field is extrapolated to zero using this Lechnique has d9reed well

with the cathode fall length determined by moving the anode. This

electron beam method appears to vary greatly in accuracy cs a result of the

design of the apparatus. Depending upon the energy spread of the

electron beam, the beam could also affect. the maintenance condition of

the discharge and thus V and d iT the beam electrus ioniic any of
c C

the gas molecules. Thus throughout the remainirc results, F ( , k )

will be ciiscussed in terms of other theoretical results v.here possible.

licure 6 shows d 3% decrease in the electtic field through

51
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most ut the cathode fall recion (O.-l.26 cm) as the am~ount of Ii is

increased from 0 to 5 . This is contrary to the rEsults that might be

articipated from Equdtion 66. Hlowever, HCI has an ionization

potential approxiiately half ef that for [ e (!2.74eV as corpareo to

24.b9 eV), the HCl contributes more electrons through ionization than

I. the discharge loses to attachment to HCl resulting in a slightly

rediced cathode fall voltage of up to 5% for the 95/5 He/HCI mixture.

There is also a trend for the cathode fall width and voltage to de-

crease: 1% and 1.4% respectively for 99/1 mixture and 5% and 6.3% for

the 95/5 mixture. in the positive column region (around 2.5 cm) the

electric field is 5% higher for 99/1 mixture, and 25% higher for a 95/5

mixture of Ie/HCi as a result of the increase in the number of attach-

ing molecules. The fields in the positive column region are consistent

with the value of the field required to have the electron gain and loss

processes equal. In the nearly uniform field region of the positive

coluni any additicnal loss of electrons must be balanced by an increase

in ionization in order to maintain constant current.

Figure 7 shows the same calculation in 95/5 He/HCl with and

without the contribution of ionization from HCl. As expected, the

electric fielo is increased in the cathode fall region when ionization

of HCl is not included. This adoitional ionization in the cathode fall

region as the percentage of HCl is increased results in a small rela-

tive increase in the electron current density in Figure & in the

- cachode fall region. The current densities plotted in Figurcs 8 and 9

have been normalizeG as in Equation 37. The electron current density

. decreases in the positive column region as the percentage of HC is

icreased indicating electrons are being lost to the tormatior of nega-

* %.
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tive ions. Ps expected the neyativE' ion current density shov'r in

Figure 9 becomes a larger fraction oi the discharge current uErsity

through both the catheoe fall reicr, and the [,ositive columnn regiot.

however it still contributes less than lC -u the total (ischarc(

current.

Argon

The results for Ar/HCl mixtures will bc presented next where

p=ltorr, d = 1.5cm, u = !.F-5 amp/cm 2 and 'f .04i67. A summary of

numerical values for the following fiqures is ';iven in Table 2. as

was done for Iie/HCl mixtures.

in 160% Ar the value of SF(Y, k ) agrees very well with iard's

value, within 1%. Better agreement is achieVed in Ar than ir le

because the slope of the electric field is steeper in Ar resulting in

less error in tht cathode fall length and voltage. proximateiy the

same discrepancy Cxists in the positive icr drift velocity in Ar as in

lie. At 400v/cri-torr, Wdrd's approximation in Equdtion 76

(whc,-e for Ar 1+ = 1.FlcR,2-torr/v/(-t-sec,

k .25L3 cri;-torr//ot -sec, C '.22E-3 torr-cm/volL,

D = 86.52 vclt /cm-tort", Lino W, bOv/cm-torr)

yields a positive imr velocity that again i , aout 1% ldrer, wheree.,

ECt v/cm-tcrr it is 18' larcer.

In contrdst to He mixtures thert is a neyli(iible ef',( L Li the

'-,ectric ficid in the cathode fall region (O.-.{cr ; in Firiie i0

when up to 5 I is added Lo an Ar discharge. Ii this case irce

I'CI has a sl igtly lower icr.ization potential tLir thdt Tor ii (1..7eV
? ." , 7
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as coipdred to 15.7eV), the spiai1 additioiil ionization Cue to the

sniall percentage cf HCI is insufficient to he seen as any effect on the

electric field in the cathode fall region. Figure 11 shows the same

calculation ir 95/5 Ar/HCI with and without the contributier of ioni-

zation from HC1. As expected, the electric field is increased, but not

as much as for the He/HCl case since the thresholds for ionization are

much closer. Similarly iio change is seen in Figure 12 in the elec-

tron current density in the cathode fall region. The negative ion

current density in Figure 13 never becomes a significant fraction of

the total discharge current density. The negative ion density

increases riLuch more slowly than for the He case, since the fields in

the cathode fall and positive column are hicher in Ar than in He.

In the positive column (around 1.2cm) the electric field is

increased approximately 3% for a cj9/1 Ar/HLI mixture (not plotted) adr.

almost 12% increase for a 95/5 mixture. Again this is the result of an

*. increase in the number of attaching molecules in the positive column

* . region.

Xenon

The results for Xe/HCl mixtrres with p 100 torr, d .0kim,

J -.1 arip/cmi2, and Y = .004 will be presented next. This value of

WdS cihUsen so results coula bu compared ith Ward's IL'Ults (,eftrence

65). A' unmary of numerical values for the following figures is given

i r icble 3. as %ac cone lor the previous mixtures.

In 1i0C§ I( e, there is apparent agreement ((L., Letween thc- calinc

factrs calculited from War& data ano cte data frorm the GLOW coec.
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Approxiriitely the sat,;e discrepancy exists ir the positi\E, ion drift

velocity as ii the previou!s rdr gases. At 690 v/cri-torr, Ward's

approxirmation us'ng Enuatio 76

(where in Xe 4.F? cm trr/volt-.ec,

k 4.E3 cmi-Tor,/volt -sec, C L.25L-3 torr-cm/volt,
- i

L 225 volt /cm -torr, and r 100 v/cm-torr)

yields a positive ion velocity that is about 1" larger, whereas at lC

w/c-torv, it is 23% larger.

In Xe mixtures there is a very slight tren ror the electric field

to increase in the cathode fall region (0.-.Ecri) as the percentage of

HCl is increased. This is observable in Ficure 14. XcjHCI mixtures

are unique in that both constituents have almost the same ionization

potential (12.74eV fcr HCN and 12.13eV for Xe). Thus only effects of

atcdchrnent are observed and the results agree with the analytical

description given earlier. The effect of dttachment is to raise the

tielc slightly throughout the cathode fell region.

Lven though the fiela increases as HCl i,.. (.ccd to Xe, the elec-

tron curreri density decreases slightly throughout most. of the cathode

fali region in Fioure 15 due Lo the pure loss of electrons to at-

tachmeot. As in A mixtures, the negative ion current density iv.

Figure 16 grows very slowly near the cathode but begins to grow

rari(ly as the electric field levels oti into the positive (olui;;n. It

is still insignificant in comparison to the contribut.r, frow thr

tlectrui, (nd positive ion current densities to the tot i discharrr

current density.

in the poitive coltl:ii, karound .009 cm) the iuctric fie,) in-

cr;,,es approximately 2' for 99,1 mixture, 40/ for p.5/5 mixtutc, and 9T

65
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for 90/10 mixture. Aqair this is the result of an increase in che num-

her of attaching species in the positive column and the imposed boun-

(ary condition of constunt current.

In summary, the above calculationr, which implicitly assurred that

the electrons were in ecuilibrium with tihe local field, have shown

that:

i. The formation of small cmounts of recative iors in the

cathode fall region is not the reason thdt the cathode a length con-

tracts in the axial direction.

b. The observed contractior of the cathooe full ler:cth is a re-

sult of the increasea ionization from the more efficient ionization of

the attdchirc gas in some gas mixtures. The contraction will only

appedr in gas iiixtures in which the ioni7ation rate uf the attaching

gas is larger than that (f the background gos.

c. When the ionization rates and thresholds of both gases in the

.. mixture are similar, then the formation of negative ions tends to in-

*- crease the voltage drop across the cathode fall region and to increase

zhe field at the cathode.

d. lhe field in the positive column region increases as the

percentage of attacher is increased. Th4s is required in order tc

balancre the electron gain arid less processes and to i,,aintain a corstant

current.

69

*. . . . . .



SECTION IV. ELECTRON KINETICS IN THE

CfIHIODE FALL REGION: NONEQUILIBRIUVK ANALYSIS

1. N[VIEW OF NONEQJILIBRIU. ANALYSES

The analyses in Section III were all basoYI en Poisson's equation

and current continuity or flux equations. These analyses presuppcse

that the electron energy distribution function is in equilibriUm with

the local electric field. As mentioned in Section I, there is analyti-

cal evidence That the electrons are not in EQuilibrium with the rlectric

field in the cathode fall regior,. Since the electron current or flux

is an average over the product of the electrer number density times the

electron velocity, <rv>, it is not pcssible tn derive n or v from this

average unless the nunequilibrium electron energy distribution function

is known. There are two methods of calculating the electron energy dis-

tribution function:

1) by using a Monte Carlo simulation i the electrons as they drift

fro, cathode to anece, or

2) by calculating the distribution function from the Poltzmann

equation.

Ihis chapter will critically review c no, where appropriate, point

out detects in the few papers that have investigated the nonequilibrium

electron kinetics using either of these two methods. The rew icsults of

this study, which usce a self-consistent Boltzmann meihed and included

dis~ociative attachment, will be presented at the end of the 'chapter.

First, a comparison will be made between the Monte Carlo .-ethoc and

the BolT.zrann methoG. Although both methods should yield similar



i-volts, therc ,ore important computer and scientific differences. he

f,;onte Carlo method is inuch more costly in terws t computer time. In

order to obtain ceod statistics, a lar .e number of co,iisions ar-e

required, typically 105 or greater. I., ldvanta,:e of the Norte Carlo

method lies in its ease of implementition is o computer coot. however,

ik, boitzifarn method normally enables a greater irsight into the physics

of the situation. The sensitivity to chanyes ir inputs is riore easily

investigated prir6raily due to the shorter run time. This enable!.

approximate anal~tical solutions to be found which illustrate the oepen-

cence on the relcvant parameters. In un4form electric fields, the

agreement between r;onte Carlo results and Lultzmar analyses have been

excellent (Reterences 62, 72, 77).

The theory and first calculation of the electron distnibution

tuncticr as a function of distance through the cathode fall region wcs

rep(rted by Al'is and co-workers (References 13, 14) in 1975 and 1977.

',heir approach involved transforming Boltzmann's equation into energy

vpc 'e where -rew varicables are the electron potential energy,

- ef E(x)dx and the electron kinetic energy T = 1mv2 . In addition,

they treated the cathode fall region as d separate entity allowing for

no flux of positive ions from the regative glow and forcing the elec-

tri" field tc zero at the arcde. Their calculatiors were based u.n an

'ideal' oaa dei inea a having a cor! ant momentup transfFr cross

section and constant e,.tatiom, a(r ionizati(,r; -ross icrs ,ith

thre-Fho'ds ot o ' e'rd IFV re.FccLt.ively. Jr edc'itirr their cilcula-

ti~os ore not considered sei-consistert, meaninc -he calculaion, of

thc tectron nurle.r densit and electric field wor( (.ut iteral, . on

successively to corvwrge to a seit-consistent solutin. lhe nonequi-
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libriur: Fphenomeni ,v;hch their calculations demonsuated included:

a. A dip in the elec-cn number d..nsity aojecent to the cathode.

This results fr., the electrers Leing accelerated av.y trom the cathode

Snd not yet having sufficient enercy for ioniztion.

b. A peaked ionization coetticiert which is snail near the cath-

Ade where the field is highest and peaking bet-wecn one hali dnd two

•hirds the tUal cathode fall length.

,-h, technique of translur:.ing BoltzMarnn's equation into enrrgy space

has become the basis oi several investigations aiscussed later.

Almost simultaneously with Allis, Trar, th ec, et al. (Reference 86)

used a one dimensional Monte Carlo method to investigate the nonequi-

librium electron kinetics of the cathode fall. They began by assuming

a linedrly decreasing electric field. Although no attevpt was made tc

correct the field through Poisson's equation, their results did give a

cood physical picture of the nonequilibrium process occurring in a high

field gradient. They found the electron distribution function evolved

from a sharply peaked distribution near the cathodp to a multiply peak-

ed distribution entering the negative glow. This was the first theo-

retical predictio of the three groups of electrons observed experimen-

Stally by Priry'e and Farvis (Reference 73) in the negative glow (high

energy electrons which have undei tone few collisions, intermediate en-

cr( eiectrons which forr tht bulk of the distribution, and lc w energy

electrcrs which were primarily a result of icrizatiot rocessLs). Tran

,Qr.c, et al. concluded that the use ou Tcwnsend's icicijatior, coeffi-

cient 'ivern by Equa.(,r 41 was inappropriate 'n the cathode tall region

r, ii.e the elo:rons never redcheG equilibrium witl the field. In addi-

tion they determiiec that the mncir features of the cathode tail are

I:
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actually detcfluinea b) x~iall nunbrtci ulirelasiic collisicris drno that

elastic (cl1ilsionS Play only j mhii r ik.

The most def1iitiv'e work U01( iBoltzmdrr analysis was accomn

plisKEc ty Lung (Hleference 60), it wds bi;(Od upon an aP1.)rCdch out.'red

by Allis (Reference 13) of a direct sciutiur' of the Foitzmanr t-Cuaition

without the conventional expansion Methods. [ong simplilied Al s' e

suit by simplifying the angular dependence of the distribution function

in the cathode fall reclion. H-,is miethod (,f solution was Iirst to e:Sti-

wate: the distribution function and, tc use this in the collision terms

to integrate the distribution fUn;ctioni alonec the varicus energy Charac-

* teristics. The distribution function was -ilerated urtil there was less

Kthan L'10 change in the distribution function at each cenergy biti arO

thr, 'fhe electron number densities anid electron on rrent densities were

calcu~lated frum the distributicn tunctiori s a function of distance.

*HEl'edattenpted to use thesc values to solve Poicrous equation for -Ole

* electric fiela before r-c[:eating the prccess to cerverge on a. self-con-

* sstent solution. Long's results cind conclusinris lor mer-cury and argon

* agreed very well with those of -ran Ngyoc fur hel'Urn. However, in his

inteylration of Poisson's equetion for the electric iield, he failed to

include any chancqe in the ion drift velocity due to changes in the

-- electric f'eid that occurred fromt assuming current continuity, ibis

* inited the: ccrvprqerice ol his code to unique cases where th: anode was

* placrc inside the calhode shecath. ihe resclution of it ~rbe:and

*forthAer irprovrrents of Long 's computer rode are dte.,cribed in 1he fol-

lowing sectionr. llis prcigr, requi nec C;'K of merrorr, toI load and ren.

Puin tinies were typic e 1ly 5-10s(cc per 'I eld i tcratit'. or e CUC %i

COmTputc
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fk, e recewU, S .cur, et o]. (keterurirp 79) coup]ed a Bo tziarr so-

lutior fur Lhe elec.rons with er ,ridlyticA approxim .tiun to the Coltz-

manr., qudtiot, fc, positive icrs in the cathode fall region for various

heliuni-rnerculy rmixtures. They asuiec ,he electrcr collisions were

isotrupic and only considered charge ursr,,fer collisions with a c(r-

stant cru ., section for -he positive ions. Ilt did not hkve to use

*tor servati|or' LI current Lc calculate the pOSitIVE ion density 6s a

fun(ction of pcsition as Loug hdd done. Segur, et al. initially assumed

a linearly decreasing electric field vanishing at the arode. Within

3-4 iterations of calculating the electron and ion densities, followed

by solvinic Poisson's equatio;i fur the field, their numerical technique

dchieved a stahle convergence. Thus their technique was self-consis-

tent. As the percentage of rercnry was increased from 0% to 9.1%, the

peak of the ionizatiun coefficient increased and the threshold for

ionization shifted towards the cathode. This is due to the fact that

mercury atoms heve a larqer ionization cross sectirn as well as a lower

ionization threshold than helium atoms. They found the ionization in

tihle cathooe fall region took place in two staces: mercury is ionized

'irst near the cathode ano helium is ionized slightly further dway from

the cathode. Eventually both processe. c>.ist together during the

reir..ira part of he oischarge. Since the mobility cf the mercur

atoms is mllch lower thar helium ators, they also found a sm,.'ler ionic

current ned the cathodt, at:G a larger ionic cur!,ent l.cd. ch. rrde when

nner(nry was aoc(td.

At the soie time, beeuf, et al. (Plerence :, investigated the

cathoo. fall in a heliumn dischai9t, using a sell-co .,istknt Mor'.e C(;rIu

tectrinue. The) dlso investigated some features in an oxygen dis-

/4
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L hd I'ne. They F( rforred Ncni~te Carlo calculatior for positive lulls

and tound that the pusitive ic!- ,rift velu,_ity reditcd enuilibrOUr1 with

the f ie 1d i n 14 sS than I U_ C;. 1 Lereafter Jey assuricd that the ils

*drifted towar(6, the cathude with their- equil ibt ion~ drift velocity. ini

their self-consistent iterations betwet,: 'I ( number density and thE

field, their calculations normally reached corn. ,r-cnce after 5 iterd-

tions. They concluded fr-om their ionization cueff-cirt and electro'Cn

*drift velocity data that the norECiilibrium region in a helium dis-

(harge extenns just over half (54%/) (if the cathocdc fall length which

agrEed with the previous irvestiaticos.

P three dimoensional piorte Carlo cciicuIatu(r, wa's accom~plished very

recently by Boeuf, el. al. (kefeec 2. Thy mdae extcensive use of

the Yoll collision technique ,sing a fictitious Lotal cross section to

maintain; a pseudo-constant collision frerinenicy so that numerical inte-

gr~tions could be avoided in determining the time interval between two

colisions. This ail(lved them te calculate ? three-diimnensional elec-

trcr distribution func'Icr more eff-cmerstly takiro angular Scatterlric

* into account. Radiel fields wert rnot included and no atteri'pt was made

to 4terate successively en the electrur; number drity and elctric

field. Thus their calculatiur, were not Felr-consistent. They exam-

ined two cases: c; rnal glrv. eischari.e Jr; helium at one torr wt

3n absorbing onode placud in the necaztive glcv, ird 2) an abnormal dis-

charge ini Ielium at one tcnr. They found that thk e iti~c crror it

*isotropic 'iCdtteriri >;. assumed! .id tLhe monmerturl transfe!, _ro!ss seclifn

is uscd as tLk clastic cross sectioni' Instead of o1sumng angular scat-

terine( arc using tit t'!astic dif4'uerntiai ctc-, see: ion. lr3eul et ;9

sc.Othat th(c nri qina 1 a ssumiption of fc rward c,-,iC-rill nig acit hy Trail

75)
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Nqoc (Pi- 4 erence Lo', led to too high of electron energies 'ni the itc

two thirds ot The~ cathode foit. hs a -e,.Lult of all tk. electrovis Leing

*oilrected in the ! ame directionl doe, at too high of erc-i-gy, the Townsend

ionization coefficice.t for the fuiward kAot~.erinq cask: was as much ij

Z ' tGL' 'ovi throuch most of the 1 rtwo tf ii cs of the cath-ode fall

rt, i r . They COICUlateo the Townse-d 1 iL~Zd t c cef f ici ert Ly

* Htegratirc- the lOnizdtion cross scction anci ewectron distributiun

function. its maxii~itri! ct-curred :,,,Peehat beyui.o. the maxinri: of the mea n

energy distributiunr. They concluded that as d result of the bimodal

cheracter of the electron distribution function,the mean (nergy and

ionization coefficient were not related to the same part of the

- Cistributiur. function. Finally, their angular distribution functions

show thdt the high erertyy segmen': of the diF~tribution function is

larcely forward airected, while that ul the low enerqv part is much

more isotropic. As a lun~ction of dirLince thr-Ough the cathodle fa]l

* region, this trend bocai~iuch moru ovident clo-te to the negative glow.

* This concludes the critical rview of nor~ccquiI ibrit.i tf-chrliques.

2. [DESCRIPTION MIC !vODIFICAT IONS TO PkOGPPM SHEATH

The ShULAI prograr was developed by W. H. Long to solve thuL

Boltzmann eq~uation for electrons in run-uniforrm, fields without requiv

* my the eulctron distribution lUrction to be it' equilibnitLM with the

* ocel field. The coll isioral Boltziiiiri equation; ,CeScr-ih S tIE evolu-

* (;in of a swamr of electrun's in both sracu and time, rd is giver t

+ v (I4 Vf ) Col (8

'Z-



where f =f~i~t is thi, e"ectron di s!ribut o. rwoction whlch

i epresunt s a cornpletu st at isti .E1 c'escri pt'or; cf the el cctron in a

weakl. icrnized gas. The varial~e -L is timie, -NI ic) the electi-un velocity

*VeCULI , r s thE.e electron spai i a I vuct (x, -e/m ( F - vx b) i s the

acceler-ation of the eiectror,,_ due to elect~t'JL drid nagretic fields.
) -f )

* t col represents the change in the cdistrilwf Ju tunction Ole to

Fe1tiC and inelastic electron collIisiens.

Considering only spatial var-iations in Lhc Oirection at the elec-

tric field, then -8 reduces to

+~ e- E~)f (79)

Dividing both sides by v x arc EA(x,), Equatior 79 car be transforcied

-mco energy space.

If +2f 1 (FO)D ev x Tx T

*where =e E(x)dx i thu electron potentiel cnergy anci E =;,Oiv x2 is

tht electron Oretlic enetyy in the fiek( riirec-timi Py defining the

total kiretic energy cis + !, theni ci is., c tpesented dS th:e Sum

of two tunictions, f which is the distribution of electrons

with v~ (0 moviii against thE field an(' f~.C,~, which is the

cistribution oif electrons with v ~ oiowith the field. The

riable r rep-sents the electron reituo kinetic energy. Fqc.'t ions

71 and 8C2 rzan be used to idthprfatically define EqUilihrirri ani

11or;cqui i ibii reg-rjin Lquil1ibv-itx can be defmieG as ocurring whr!
f 4~ Thu,, tl- I inetir E'nery, yal ritd

x Col

f -mthe e I ed i s h),11 arced byv the, 1S as t eni'm', te col 11 51. or,~ I n

1_,r,-q~lirim Yc-ion, k- eceae it, '.he potentadl enemqy of the



electrcio, is convertcd pr iollrantly intc zn incredst ir their kirctic

erc Y y. In Equati on 79 , equiIi b riutm cei. s imi larly be defined es
4 el(x) f m H_:fojccurrirc viben V, :x or whet; V~o ) In other

XVx x Atcl

p.-7

ivords, equil Vbrium i S1t S when t ht-( s t r ibu t i r function chdnges fas.ter

in velocity space thar it cioes a , a lunc'n of rosi tion. This was the

cefinitio! used in Sect',or I.

In the absence of collisions, f is consn i long the energy

c hai'dcteristics, ~.-constant. These characterist ics correspoind to

4 ~electron trajectories in the two-dimensional energy space (F,).The

right hand term in Euation 80 represents sie hange ir f along the

enerry chardcteristics when conlisirs are includea. 1his collision

term is a complicated functin iolvtri 1, and the ctross-sections for

all the vaious Collision processes. The theory and cerivatio of this

ter;, is described in Long's report (eieence 60:12-21). He sr.uwed

that PC cIn be put in operator form

i K eE/N(f) l

Swhere K is dn interi l operator epresentigr a sum over- all collisional

pruc(.Fes and -a f'is the total cross section for electrons with total

, kinetic energy Using this technique, the distribution finction f
. toes not ned to be Sto d between ifr ust e re-

toi hred. The olision terr aan be further simplified by assuming Kf is

iiearly Isotropit_ ir velocity space and exparding Kf ii' iegendre pc,7y--

r .omials, Pa(cos 6) fo (eample.

Kf YLA (P (COS'))(2. . . --.,

- "**Kf -- .A )P ( os. (82)~=0

.- S 'I. .-... .. : ... , , . , .: .1 ., : 1 - ; . .- L ,: >



OR -p 7:7 -7 -

Kvihc t- A, (v) 2~~ fl 1 P(cos;K) co)
f \L ol

This exprnsion is quite differeI;i TI-0on Che ijual two terr: expansion of

BOIioltzmanns equatierr iii spherical harmnonic,,. this expansion is an

exfansion ,,f the produc. of the initegra -I oper&a,,r times f, anc rot an

..xpansion of ~.Assurriirju 01hit the secondary electrons are ermitted

isotropically and rie~lectiniy surerelastic electro collisions and th

recoil terr, for electrons, Lorai ect,-ved the Ioliowing foriu of the

1f ~f I [1~ f~ e(
F- e E/N() o E i '-9+l

f(+ Q(+h + f9 ( ,Q 2 E )dE P (case) (83)

Qe( + ( ) + Q' o , )~ + QoF +0

h 0

* where

F 1/2
* ~cosc in

f( f) = A f( , Cos 2 ~)9(coso) d(cose)

Q,. R .2 -- f (,,)P (cosi)dl(cos )

h -l nelasztic, collision eneryy 'loss
1 I .orization eneigy loss

Q0 collisior cross sectni(r inteqrelc; C-ee dll !.cettprifly
a rigIes

superscript h rulers to a suni cvpr inelastic procesIrs
superccrpt i refers to a sum over 41urizatici, Yocesse,-
supErscript c. refers to a sumi over ela~tic -ilicion prc cessps
.upurscript a ru(,'ers to ar, d-Ltdchment
~uperscript r refers to recomibination

n. po i I -e ion aerifv



Thus, ir [cudtiorn bi, :he electrcrs scattere -in is representeo by

+ h h h h,'Kf -- 2Q0 .+ f Q .

+ ft ( )d , ] ( )' 4)

and the electrons scattered out is representd hy

"e h 2 a (, + r r (,
, Q ( f f , , ', Q ( i ) + Q ( ) + Q ( F , ' ) d i- ' + Q ( ) + - Q o

,-0 (85)

Equatien 81 s solved numerically using an iterative technique

for evlucting Kf. it -s assumed iritially thc-t there is no contribu-

tion from scattered in electrons, ie Ki 0 and Equation 83 is the:

integrated both for, ferward mov'ng electrcrs and backwra moving

electrons for each value of -.=, . This yielc.s d first approximatior,,

to the distribution function irrm which i icw Kf can be calculated.

STile procedire is repeatd until convergence i reached, typial(ly when

there is le- than .2' change in tihe distributil function. By per-

forr,i{iiy the integration ir a specific urder the same rray can be used

to stert both the o and the new values of Kf., thus minimizing com-

puter storage requiremerts. The arres tor Kf+ ano IKf are trape-

zoii l in shape since ( ,fs) 0 for +>V -& , where .i the

initial kinetic erergy in the ield direction of the erectrons leaving

t . cathode. Fitjure i7 sh(ws how the arrde s for Kf dre arranged it core

w iurther min .ize stora gt requiremerts. The total ,me ,a of tie ir ray

in F igu rr 17 is 4 , 24 6 1i (1 36 ,16 ) v.x rds . F r CuV cat h ode fa ll,

ti.ese dii.:r,'icns gi,e e. ie energy !e.olution. ,tE sturuy' (f enly Kf

prev r- , the disti-L ition fi.r(tion from, b.,ing know, es a funcl _,,r of

di ,f.r ice, exceft Ft the cathuoe and d elUf. oherp i. i . stored in scpa-

80
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ratL, urrays.

bou xarv conditiorns are usially specified at the cuthode and

anode Athe catrcde, the enpr(.. (istributiurn of electrons, f+(,C)

Is a vdrldble input. The functior 1) can represent the chs-

-0ibution of clectruns a- the head o+ th 'uSitIv, column wher

max , the vcltape drop !cross the cathnde fall, negative clcw

ad ,drdddy 0ark space, or -. an repre ,ert the d,,r-ibution of elec-

trons at tl.c anode then f = 0, or it con represent the distribution

elong an axis ut symetry such that F_ :: I.. Along the locus of

turning points where the electron krnetic energy in the field direction:

C, the forverd and backwaro fluxes are equal, f (,O,) = f_ ,

The algorithm used in Lonq's code for t.he numerical integration of

Equation L3 is second erder and srcLie. ihe distribution function is

calculated vi&

C. +C Q - Y

+1 (86)

+ Ei)

where C = eE/N (') ) iaid ,Y is the energy step. The relative error at

edch stf'p is

Error c (..2+2(w. Q+ 2 (87)

rel 2 3 3 2Y E/N/

which im[.les that the error is small as lono a,:

2E (VIE)
NQ

[ "L
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iNed t the cat hodW J Tis ,oii tierini1 stis c cJnrce

whic h is typically 'OeV or- le,,.

In the regati ye ql o & and Frr w dr~~cark speri I-wever the fiold be-

conies "ery small. It, this repitjor the ditckarqe, the Ods;ributiui,

funcl,-on is changing more rapidly with tes:pect to position (x) than it

.s with rcspect to potrrl. lal ( . hu-, lrrr~c an appropriate

ariable. rcAbecomie,, 4.e variablt uT choice. Cheraing varicLles,

Equction 81 beor.es

II+ eE(x)-,-- N (x) (Kn( ))f (W9

* To corvectly determne T throurjh -these reqicm , the coce first starts,

wi~h coordiia-,.es (-~ )ar~d iterates on Eq~uation KZ. Vkhen

1_T/r, Then the c(-crdinateb (cm changed to (,,X) arc ECUdt-on

69is Jien iterated cri unti) cor, ergence.

The cc6 is pru'Seot ly conf io-red co calCL ci e the elU2.rcfn enero'

di, triLut ior, orct ion as a fUniction (-f d: tJon( o i) ; Ae cathode tc the

ancde. The electrons are (cistrained tmoe eit~for with or against

the field, i.e. all irtectratiorls are in the plane 1) 0. This simpli-

fiCdtion significantly reduces ccihputer run tirpe.

-. .The electrun numrber dcrnsity is norrr.lizeo to the elect4-rony nuinbeV-

errrty dt tht cathode si,(l ha

Of (f + fJ I: )> 2d;
n0 00 fr - (90)

whcre )ubscript C indicatc.. The boundary cenditicr ic. The Cd,'htudV.

83



Similarly che e icctron cujrrerl ' erity is rorrnal ized tu the elcr- ron

current aensicy cit the cathudL cria is giver. hy the following

* Tc:.;rsend rates for the ver ous irielatic processes including ionization1

are noruiti1zed to th( clectron kurrent den,,lv at the caithode as wel-

(~ */(f~(,, + f( ))(d p2

I, ir d er t c (Ib t ain a c omplet elIy se i't -cc n s ist c r tut io i ir wv/h ich1

Poisson's equation is c[.eypd in adcition to tic boundary corioitions at

J.e cathoutr and anode, successive calculaticis, for the e'ectron dis-

tribution function, electron numbur density jre the result-ing electtiic

* field vyere ac.coupl ished.

* [~Org at.Linpted tu do this fmrth case where the anode i~, j

i'ide the- cithu~de fa- -reaative q11ow boundait. It5 ir-tenri tiny the

iectvUij c;'strihuticr lunctiur ( chtainitc! thc elector. numnbe-r dtens ty

rd el ectron CUrwEh Litrs ty art' cbtld i fe( tic .us ti ye i'ri numI1bet

kHrsity usii current CLA,.,trVL\.1Ur

F4
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J-j (x)e -I
n+(x) e (93)

v E(x) (94)

In this calculatior, however he had to use hi! initial g'uess for the

electric field, so the ion dritt velocity (p ) was Oct consistent with

the new calculation of the field.

He normalized his number densities, not through the previous defi-

nitions, but by the ratio (f Eo/E I where

Eo = electric field at the cathode prior to the calculation

of the distribution function

and
Xo

F S(n+ - n e)dx which is the electric field at the cathode

after the unnorrialized densities are known. x is the

spatial point at which the field i:; zero.

This approach does not permit the secondary emission coefficient to be

used as an input prometer, ho!wever the coefficient was calculated via

the fu-lowing equation:

= J(E=O)

'eo

This normalizdtion 9,\(e good rest. S and converged as lr'r( as the anouc

was at the bctr.darv or within the cathode fall r(L icn.

'I was found t;y this study that Lonq's technicie divergec -',hei the

anode was rorc realistically placed outside the cathode fall, so a new

"-tr



technique co reach a self-corsistent solution was derived. This

technique is based on puttin(, Foisson's epuation in Gifferencc form so

the value of the field at each po-ir is based en the value at the

previous increment with thc field ,t ', cathode giver as a boundary

condition. Writing Fosson's equation ii, dwcrence forn yields.

(x -x
E.= Ej 1 - - (n+j + n +j-ne -n ej -n - n2 j-1 (96)

C 0 ej -j i-j-1 2

where n+j, nej, n.,, are the positive icn, electron, and negative ion

number densities at position j, and x. is the s;dtial point correspond-

ing to increment j. The positive icr. number cer. 4 ty can be ritten ii

terms of the current conservation such that

(J-Jej-Jj )

+j ek+(Ej/p) /2 (97)

The negative ion number density car; bu: calculatd from the negative ior,

*- current den=ity.

x
Jj = f n0 j edX. (98)

n
n-j ek (Ej) 2 jg

2!

ni e/ 

where ri is the attachment rate. Equotions 99 ard 97 can be

. substituted itto 96. This results in 6 fifth ordr., rolynomiai, ose

"-.clution r;-r. Le founa by uurierical means.

. * * .............- •....... ............. .



-1/2 - E -- ) x + ayx2  - - Ej_ 1  - c., ) 0
x 112/-

iI (d ej_2j- J)p I/(Jj ejl_ 2j- l )p I /12 (10

where a = . . .. .. .
0 + 0 +

C e - ( n + n x E E I i.

0- ej ej-1

Steinman s iriethod (Reference 66) was used ir ths study tc solve for the

roots. Thus E is calculated based on ne, Je' J- ana the previous value

of the electric field. This technique converged after successive
iterations cf first calculating f(i ), e, i nd then E(x). Firure 18

gives ar example of the converqEnce as the eectric field and electron

distribution are successively iterated.

lhe iritial discharge parameters, Eo , Fmin arid dc, were varied to

achieve the best corvergence. These par,,metets describe the initial

f 1ld distribution according to the formulas

E(x) Eo(I- X) x<d (101)

E(x) = E x-d (102)-. min - c

It was observed that the optimum convergence was achieved wher the

initial Lmir was slightly greater th'an (what was later fourC to be) the

. convergcid Lri n ana the initial slope E /d was tqual to or slightly
s ,ellower thdl the sha2owest slope of -the converged curve. Tis

.gen.rally was the slope occurring between E and 3E 1 , cr iE /8.
0 0 0

Figure 19 sl,cws the effect of changing the vlt'c ( the electric

field at the cathode. Note that if [ is assumed orc low, in t1+is case0

for E 757v/cn, then thc solution to Equation ICU becomes imagi-

" b7
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nciry, representing an urilysical solution for tie field between the

eiectrodes. This correspords qu-te closely to the phenomena seen in

the convergence of the prev 4ous GLOW mcdel (Figure A). The calcu-

latior for E = 758v/cm was deercio tG Le the solution most represent-

tive of a discharge since it represented the irwest voltage in which a

complete real solutiecr existeo from cathode ti- anode. Although E( was

varieo narually, a technique slnrilcIr to the rrcdlfied litear interpe-

ition or halvng the irerval technique could be programnied to con-

verge to the ov:ezt value of E for which a complete solution exists.

Surrnari7ing the charges made since Long published his report, this

study has added attachmient as an electron loss process in the numerical

calculation of the distvibutiou function, modified the code to include

a variable number of gases, and modified the code to include a variable

iumber Of cLVlision processes per gas. The original program was

ln4 ited to analyzing a pure gas with one momentum transfer, one exci-

tation, at,o one ioni:ation cross section. The 'ownsend ionization and

attdchment ri;tes are now calculated from the di-'.ibution function,

instead of a net ionization rate from the eleciron current continuity

equation. In addition, in the calculation of the positive ion drift

.] "velocity, LonS hdd assumed it was proportional to the field. This has

been changed so that the positive ion drift velocity 4s more appropri-

dteiy represented at high fields by Equiolun 44 in which it is

ruportiere,! to the square root of t.e field. Also , vew

.elr-cu,:sistent techrique WdS fe;urd for calculating .(. clectric f'eld

frori- the el-ttron oer,!ty, the ele(tzron currert density, and the

it.t tive i(, ci 4rrent den, ty.

The SPEATH progriri as norir, di run on a Cy.( r i4 computer system.
. "it

...................................... ".'
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Each itev',tion to converge to d solution for e g-;ven E took ,r average
0

of ]Ssec. Normally 4 to 6 itfrations were required to reach threu

significant figurf: cenvergenck ir L(d). The code requirea 216K of

u,,elory to load ard run. The majcrity , thic space was token up by th

Lb x '61 array de cribed earlier.

3. RESULTS OF NUMFRICAL CALCULATIONS

[his section presents the results of coiLulations using the SHEATH

code in the same rare gas-HCl mixtures as in the previous chapter. All

the data presented was obtained for a gas pre:,sure of I tort. Poain

the results for he will be be presented first, followed by Ar mixtures,

and then Xe mixtures.

Only the cathode fall region will be discussed because ti1e anode

was placed just cutside the cathode fall region where the electric

field lEveled off to a constant value as in .r; obstructed discharge.

The SHEATH code, whio iproved, !t.ill had oi-f ,oulty cenverging at

very low electric fields vhere the cc.e transf,,c trom in't(.rations

over energy to integrations over position. ihis transformatior, was

discussed in Lic preceding section. All the SHEATH data presented in

, -'his stuu) v.ecS obtained before th-is transfornation of variables

*(ccurred, ie. while irtcrations ire conducted in energy space.

Furth~r cornmMerts un the and- fall will b e irde in Section V.

Hel i:1

This seclion presents the rest Its OT the nc.neuilibriur, calcula-

tiors for ile/Ic3 rOitures. A summary i s (liven in dble 4 of , ie

sanl,t su,;linn pararrtcrs listed in tables in ti previous chapter. 11,2
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cdthcde fall width arid vu'g,,e was calculated frorn the electric tield

* in the sare manner as if; Sectio; '11T for the GLOW model.

There is a wide range cf valu~s for SF(Y, k+ in Table 4. Some

of these differences are due to the difterences in input data, such as

or k+, Also, there were different dliproxi:li:t ions used for the

* positive ion drift velocity dependence ori the ri1ectric field. IPowever,

* there werk: also important model cAFferences ttdt influenced the results

,is well. The data from calculations by boeuf and flzrode (Reference 20)

and Tran Ngoc et ctl. (Reference 86) are rot self-conisistent. They

picked values of pd, J42, and V c which agreed v!611 with experiment and

assumed a linearly deCreasiny field before cGiculating the electron

* distributicni function as a functiori of distance through the cathode

fall using a Monte Carlo technique. Segur et al. (Reference 79) calcu-

* lated the positive ion density and current froin the Boltzmann equation

for ions, SO an analytical fit to experimental deta was not used for

the positive ion drift velocity. Boeuf et al. (PL-ference 21) used a

* Monte Carlo technique for both electrons and positive ions. The

positive ion "nocnequilibriumn drift velocity" predicted by the Monte

Carlo technique was within 20% of experinental data which had been

* measured in equiliLriun. In the SHEATH code, Equation 44 was useo U,'

- calculate the positive ion drift velocity. This analytic approximation

* aqres~ inure closely with the drift velocity predicted by the Monte

* Carlo' results of Boeof et al. than the experimental dIi they

* jresented. As a result, the calino factor S ( ,) for the data from

the Montr Carloc techriique and the SHEATH coac dagree within 1.This

dyr-ewient wtt the Monte Carlo technique was usccd a benchima~lr in

rrparing thtu eccuracy of 'lie SHEA11, ricdel to othn- nonequi ibrium



techniques.. Note that -, , k 4 changes very little for the ci verent

He/HCl mixtures, inldicating that SF(7, k ) is still an invariant even

when the lonizatirr, elficiency ( the gas changes. These changes in

the ionization coefficier ts hill I sects; in later fqgures. The

observation that SF (-Y , k. is [lot a i l(, Ion of the ionizatior

coefficient is consistent with Equation 5. K' variatior in SF (y,

k; in this author's results is due to round o1l and extrapolation

errors ir, [;e and V .C

As in Sectioi, II, the theoretical valUes for SF(Y,k+) Go not

compare well with values deriveu trom experir(ritdl results. Again this

r is due mainly to the dillrences in the theoretc- and experimental

definitions of V and dc as well as the di":Aiculty it, making precise

field and voltage measurements in the cathode fall region. The experi-

,ental values are the same as those listed in Section III. The SHEATH

prograi pre-dicts a 151 decrease in the electric field in the cathode

fell region as the amount of FCi is increased ii,rr 0 to 5%. See Figure

20. This corresponds to a 32., decrease in th, r,,thode fa," voltage.

ihis trend agrees with the results of the GLUc muuel including the

linearity of the field near the cathode in [beth cases. The shift in

the ele(.tric field, however, is, much greater in the SHEATh model arid

can Le observed in the GLOW nudel in Figure 6. A more detailed

compdr isun of the tvio techniques will be de!.cribed in the next chapter.

ThIni decrease ir, the fiel(J -re voltage as c functiotn f PKi is du to

the increaFs: ir the Towinturd ionizatic:i coefficient which can be seern

,n Figure i'. The increcse in the peak, region which correspords to the

r,,thode glow region is d to the fact that HC1 i, .h easier

-rnize thar ke. HCI has ar ionization threshold ef 12.74eV wLich is

94
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about Ialf of that for lie whose icr!ization threshold is 24.59eV. Note

that the spatial threshold fcr the Townsend ionization coefficient is

halved when HCl i added corresponding to the change in the ionization

cross section threshold. This indica1(, chat very close to the cath-

ode, the HCl is being ionized before the He. These results are ccrisis-

tent with the results ot Segur, et al. with Hq in He. The decrease in

the linear electric field with the addition of HCl results in similar

decreases in the cathode fall length, decreasing 6.4k for the 99/1

mixture and 21% for the 95/5 mixture. These results are summarized in

Tzble 4.

The curves for the various electric fie',- in Figure 20 are almost

parallel because the slope of the electric field is determined through

Poisson's equation by the positive ion density. The positie ion

density at the cathode is determined by >', J, and the positive ion

drift velocity. Since these variables and relations remained constant

for the various HCI rixtures, the slopes of the electric fields re-

mainco constant.

Fiqures 22 aio i3 compare the Townsend ionization and attachment

coefficients as a function of distance for 99/'I and 95/5 concentrations

cf lie/HCl. The magnitude of the attachment rate is much smaller than

the ionization rate thrcughout the cathode fall region as one would

expect, except immediately in front of the cathode. In this region

whiO rorrespord., to the Priri ,ry dark space, the ele(t r ns havt just

*left ti-e cathode at a few eV of enr:tgy and are rot yet in E,obi!ibriur,

with Ute field. The second pedk seen in the wi.achment curve at 1cr.

is prohably due tL" ihe electror distribution funct cr first rei .hing

Lhe ienizatior energy and prcducing a new crop of slow secondary elec-
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., Figures 24 and 25 display the electron and negative ion current

densities as a function of distance ard as a function of percent of

HCI. The increase in the ionization rate also marifests itself in an

increase in the electron current density zhroughout the cathode fall

region. The electron current density stays constant for the first few

;*" mean free paths as the electrons are being accelerated up to the ioni-

; zation potential. it then increases almost cxponentially through the

remainder of the cathode fall. As expected, the negative ion current

density in Figure 25 increases as the proportion of HCl increases. It

is characterized by a very steep onset due tc the large attachment rate

near the cathode. As the total distribution of electrons is accelerat-

ed away from the cathode, they reach the ionization threshold of the

gas. Most electrons are then past the peak region of the attachment

cross section and the negative ion current density grows at a much

slower rate. Note the logarithmic scale, indicating the growth of the

negative ion current density is still slightly faster than an exponen-

tial function of distance.

Figures 26, 27, and 28 display the electron, positive ion, and

negative ion number densities as a function of distance through the

cathode fall region. The result of nonequilibrium electron kinetics is

easily seen in these figures. lhe electron density initially decreases

L. Lecause the electrons are rapidly accelerated away from the cathode.

. Just before they have gained sufficient energy for ionization, their

-'-". density reaches 6 minimum and begins to increase. The fact that by

iold-cathode fall the field has also decreased subs .ontially aljuws the

electron density to increase. Similarly the positive ior density in-

-. .....
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creases away from the cathode since there is very little ionization

clcse to the cathode and tie positive ions are beir, accelerated towaros

it. Althouoh neg ative ions are present throughout the cathode fall

region in figures 2 and 28, their censity is yenerally much too smaI7

to affect the net space charge to any significant degree. Note that the

negative ion density is more than four ordevq of magnitude smaller than

the positive ion density. The positive icr density actually determines

the slope of the field throughout the cathode fall. The magnitude of

the electron density approaches that of the positive ion density only

after the negative glow is reached or, in these examples just prior to

the anode. Equilibrium is never reached in these figures because a

slightly bimocal electron distributior still exists at the aode.

Since the cathode fall voltage decreases &s HCl is added, the ions

arrive at the cathode at a lower velocity. Similarly, the electrons are

rot accelerdted away as quickly, se Loth electron and positive ion dens-

ities increase near the cathode (20% and 8% respectively for up to 5%

MIi. The opposite trend car be seen in Figures 26, 27, and 28

near the cathode giow-negative glow boundary (1.5-1.75 cm). The elec-

truh Gensity increases as a function of HCI in this region due to the

ircrease in the ionization coefficient closer to the cathode. Since

the field is lower in this region and the ionization coeffcient is

lower, the positive ion density decreases as the percentage of HCI is

increased, which in a self-corsistent (or interrelalcd manner causes

the cathcce fall region to contract.
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Argot,

The results for ArilICI mixtorFs are sumwrFizeo in Table 5

as was donte for previcLs raixtures. As in He, thcie is a wide range of

values for SF(Y, k+) in Table 5 for Ar. The only other nonequili-

brium data available fo? Ar is that cf Ion(, (Reference 60) wh4ch was

rot entirely self-consistent. The lack of self-c(cr!istency of his

method i.as discussed earlier ir this Sectior. Also, he Lad assumed the

positive ion drift velocity wo. proporticral to the field. This

assumption is only appropriete in the low field region, i.e. E/p<

60v/cm-torr. Note that as in He mixtures the scaling factor SF(,(, k)

remains almost constant as the concentration of IC1 increases.

In contrast to He mixtures, there is a negligible effect or' the

electric field in the cathode fall region when up to 5% HCl is added.

This can be sePn in Figure L 9 and thesc results agree with the CIOW

mode]. This electric field distribution throuoh the cathoc fall cor-

respod- to approvP'oteiy a ]8rv potentI&I drop across the cathode fall

region. With 1% HCl, the d 4fference in total icr;i;,,iun is too small

to have any observable effect on the electric field. The ionization

* "thresholds for Ar (15.7eV) and CI (12.7eV) are much closer than for He

* dC I-Cl. This difference is too small to be observed in Figure 30 In

* h, Townsend icrizat on coefficient. With 5% HC,, there is sufficient

% hCl to increase the ionization rate about 1.6% throughout most of the
*~i cathode fill region. Figures 31 and 32 compare the Twr -nd iuniza-

- tion, ana attachment coeff:iclents as a function of distance for 99/1 and

95/5 ccrcentratirs in Ar/HC.. As in He/hCl mixtures, the attachnent

rat. -s larger then the ionization rate only for a "ev electro, celli-

, sior. rl,+se to th cthode where the electrons have insufficient energy
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Fi(,tres 33 arc 14 display 'he electror Grid negaT-ive ion current

lensit ie ii, d ft.nct ihr uf distar r and concL trdtion .f HlCi Again

very lit l Jharcae is ,,h+ .. ved i i thc i lectron ur rent density since

the chanye in HLi ccn( pntration had only . l:rnor effect on the iorlza-

tion coefficierts in Figur'e 3G. ihe electron current d(unsity sti,.F

cf,!istdnt as the electrorn, (re accele.rated up to the ionization poten-

tial. Aaair the negative ion current density in Figure 34 is charac-

terized by a very steep onset iel~owed by e, .lightly faster than expo-

nential growth through most of the cathode toli region. Even though

tht rceuative ion current density incr(Eses with HIM concentration, its

contribution to the total discharge current through the cathode fdil is

.t? 1 nel i Jible.

Ihe same ronecuilibrium phenomena that occurred in He mixtures in

the rur.:ber densities can be observed in Ar mixtures in Figures , 36

and 37. The positi c ion density increases In the direction moving

away frr the cathode, while the electron number density initially

de(reases. The number of negative ions is more than two orders of

'1aqnitude sntller than the number of positive ions, and actually their

uensity does not begin tc grow exponentially until the cathode fall

L2egins to irevye into the negative glc.v.

Since there is very little differerce in the fields adjacent to

Llit cathode, there is very 'ittle difference in the electron and posi-

ti' inr umber den.w tles in thiE region. The positive icr density is

-.I.tll severel irrders of magnitude larger than the electron ard negativC

ion densities and thus ueterrincs the slope er the electric field.

Only it, the last third of the cathode fali length (.5-.75 cm) is ther,
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a charpe when fi(ju1'es i5, 3b, ard 27 are co:4pred. As ir, 1-e/HCl

mixttUres, the eiectron number c.rsity iucreases and the positiue ion

number uensity t1(.'reases but to a lesser deciree since there is 4i,

(hange in the >i;wnsend icrization coefficient.

Xenon

The results rur Xe/HCl mixtures are, summarized iri Table 6. There

s very litt-ue datd for comparison i, Xe. The cathode fall voltage VC

:I'd length dL are sensitive functior;, W. Lhe seccuidary emission

coeffic"cnt 'f. The vdlue of t .004 was. chosen not to compare v,'ith

-n iron cathode but to be eble to compare With thf E[ilbriu, rE.ults

-f the GLOt' code which wcre compI'eo with Ward's nata. Ever though

this value of is lew, it can not tclally acccut for the %rge

discrepancy betw;een theory ari experimert in SF(Y,+. ihe main source

of errer is probably in the value used for k+. The value of k was

(htained tror Ward (Reference 92:2791) who subjectively fit Equatier. _4

to exoerirertal data. le made r:r' sy,.;tematic effort to obtair the best

parareters. In acdfition, only the first terw in Equation 74 was ured

by hc FFATH loot. in effect, a smaller positive ior drift vecity

would rci uLt in a st(per slope fcr the electric field. Tts aLo

U IuC tend to r;ake pd c and Vc silal ler. The minor variatirn in SSi Y, ,l+

in this author',, results is due to round off and extropolation crrors

It, 1: .1d V

In cor, rast to lie e-,a Ar mixLuv( . there (j slight incrrase in
'he electric field in thl cathoac fll region w jen 2p to 5". Cl is
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i de trend fl field 1, 11tling verti calIly cr' 1(jL i

u it reSuLt1 , s ! I ghI orreas r, t vnltaq( vJ11 h is SUrv-
a c in ah . hstrerd 4 alIso th( :,iwe cs ii i re 1?') f ror

liec: ~ cee f1 I~ c', hihr cs a r( r t w;ed tc ct tu i the sai;

sht'41'A eiecttl fieldi thitIhjout Inc thode fell -Iurtil. o

tha t Lr t h uuy t , f el1d1 t, shift ed lo sIi utly hirt.cr v al e the

c robsrva2 echarqe ir the oLn izd L ,-r oeft i'- elli in thjE cthode

fall rf,. 'Or, as iostrated in Fiyure .39. A~lar- cmnly near the iMirilimum

tiec Ite-lnint a(r tive glov: is a diffe'(i'.e obsevxed. Xe/HCI

wxrires (ire wrique InI thd1 Lnth constiLuerts have almost the sd:e

Ltri,-otiof prteritial L4 for HCl ar 12. 13 Tur ie) and si i1 a r c rus

Se. r.)e~ni tudFK uEscript-wr of thesE Cross Sectiors occ-,urs inl

APPOr'0> C.Thus tht s2 iht exrers. jun seer: heeis probably due to the

toll-;tlol rerati v' iurt close to I.he cathode where there is i; peak

'-he attacki ant reatf f, 'oss of eleCtrons c o!se, --u the caihcde is

~imilar to :he effect Loi teducinq the seccondar. (mission cocfficienit of

the cc, ode . A drct t cse in ,sin lanlv reSUr.'ts in a hiyhey cathode

i~tane. fovt_\er, the sirfe of the ( Ictric fielc stays the scdwe

tkrUP thf- F(, -tlve lors li 1 dorrit ' the oti r- rllrber dr i ties.

hs h( r-end of t -f-.06 shi! ,., r rvert ice& ly with ati ircrease in

C I~. beA Ct ',.ed to (crf irouC t~rot~ cnnrerl t otions U; I,(

t 0, i Ildv the i;. - 11've iur, volecity k~ o;r I.) the rdvr(-i

S d. F(, vi; /V lturo. the addi t wor ot IIII huu .0 4 d t c

r ~ sfol ? t r- c, 'v io r r:i t vo IUCA This VWeL'GI t~ '1, l. it:

dhI (A.rr oc t- e et Y Ii hel a r r it -,r ex~L~r~sr 0

ra t ( 0 I Culipd no i. r Towit( e r 1 d t 101i . cr. ( ci t t ac h I,( r.
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coefficients as a function ot distance for 99/1 and 95/5 concentrations

in Xe/HCl. Again the attachment coefficient is much smaller than the

ionization rate throughout the cathode fall region except immediately

in front of the cathode. Note that the region where the attachment

coefficient is greater than the ionization rate is smaller in Xe mix-

tures than in he or Ar mixtures. This is due to Xe having a lower

ionization threshold than the other buffer gases. The first peak in

the attachment coefficiert is a result of the slow electrons leaving

the cathode and the second peak is a result of the formation of slow

electrons that have lost their energy to excitation or ionization. The

first peak has the effect of reducing the secondary emission coeffic-

iert of the cathode.

Figures 42 and 43 display the electron and negative ion current

densities as a function ot distance and concentration of HCl. Very

little chan~e is observed in the electron current density until near

the cathode glow-negative glow boundary. Here the electron current

density is observed to decrease instead of increasing as a function of

HCl concentration as in previous rare gas mixtures. This is another

example of the effect of attachment in the cathode fall region. Even

though the negative ion current density in Figure 43 increases signifi-

cantly with HC concentration, its contribution to the total discharge

current is still negligible.

the same noneouilibrium phenomena that occurred in previous rare

gas mixtures for the number densities can be observed in Xe mixtures.

The results are illustrated in Figure 44 through 46. Again the

trends of each o' the number densities is similar to the trends seen

before. The positive ion density is still several orders of magnitude
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larger than the electron and negative ion densities and thus determines

the slope of the electric field in Xe as well. The number of negative

ions is more than three orders of magnitude smaller than the number ol

positive ions, and actuaily their density does not begin to grow expo-

nentially until the cathode fall begins to merge into the negative

glow. As in Ar, there is almost no difference in the number densities

of electrons and positive ions adjacent to the cathode, since the field

changes only slightly there when HO is added. As in Ar, only in the

last third of the cathode fall length (.45-.65cm) do the number densi-

ties differ as a function of HC. This is a result of a change in the

net ionization prior to this region.

In summary, we have examined three cases represented by He/HCl,

Ar/HCl and Xe/HCl mixtures. In all three gas mixtures, there was a

peak in the Townsend attachment coefficient as a result of electron

nonequilibrium. However, throughout the cathode fall region the posi-

tive ion density dominates the other charge densities and so determines

the slope of the electric field even in electronegative gas mixtures.

* He/HCl mixtures were characterized by a significant contraction of the

cathode fall length and a decrease in the cathode fall voltage. This

was a result of the HCl being easier to ionize than the le. As a

result of HCl having a lower ionization cross section threshold than

*[ He, the threshold for the total Townsend ionization coefficient shifted

closer to the cathode. There was a negligible effect in the electric

field, cathode fall lergth, or cathode fall voltage when HI was added

to Ar mixtures. The Townsend ionization coefficient did increase

slightly with the addition of 5% HCl. This is because the ionization

rate is very sensitive to the gas species and the shape of the electron

132
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energy distribution function. In contrast, in Xe/HCl mixtures, the

electric field, cathode fall lergth, and cathode fall voltage increased

slightly, probably as a result of the nonequilibrium electror5. beirg

attached to form negative ions in the primary dark space.

In conclusion, the formation of negative ions in the cathode fall

region does not lead to a contraction of the sheath. The contraction

that is often observed and that was seen by Emeleus and Sayers, was

actually due to an increase in the ionization efficiency of the gas

mixture when an electronegative gas is added.

I
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SECTION V. COMPARISON OF RESULTS OF THE EQUILIBRIUM

AND NONEQUILIBRIUM ANALYSES

This section coipares and contrasts the GLOW and SHEATH models.

First, their equations ano assumptions are briefly reviewed. Second,

the results from these models are compared. In order to determine the

influence of tonequilibrium without further complications due to nega-

tive ions, results for the pure rare gases will be emphasized. These

results include the electric field, Townsend ionization and attachment

coefficients, the electron current densities, and the charged particle

densities. The trends predicted by both models are surnmarized along

with a criticism of each techniqi:e on its applicability in the cathode

fall region. Finally, the applicability of each model to the anode

region is discussed.

1. REVIEW OF BASIC ASSUMPTIONS

The GLOW and SHEATH models are founded on two entirely different

methods for describinq the kinetics and fields in a glow discharge. As

described in Section III. the GLOW model is based on a self-consistent

solution to a set of equilibrium equations: Poisson's equation, the

hydrodynamic current continuity equations for electrons and negative

ions, and the current conservation equation. The SHEATH model des-

cribed in Section IV is based on a solution of the Boltzmann transport

equation for electrons as a function of distdnce coupled with Pcisson's

equation and the current conservation equation. The equations are

listed in Teble 7 for comparison. The fundamental difference behind
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these equations is that tbe glow model assumes the electrons are in

equilibrium with the field, vhereas the SI;LATH model does not. Another

difference exists in the negative ion current continuity equations.

Negative ion losses due to ion-ion recombination were not included in

the SHEATH model because recombination was Tound to be very small in

N the GLOW model. Since buth methods are describing the same discharge,

the boundary conditions in Table 7 ere almost identical.

It. addition, both methods predict results that appear to scale

according to Equation 74. In the equilibrium model, limited data

was taken at 10 and 100 Torr to check the pressure scaling. There was

also good agreement with other theoretical data when the same value cf

the secondary emission coefficient and the same relationship of the

positive ion drift velocity to the electric field was used. in the

noneCuilibrium model, the scaling factor in Table 4 for 100% He

agreea very well with the Monte Carlo results of Boeuf, et al. (Refer-

ence 21). Scaling agreement of both models can be expected because

both models support the assumptions used ini deriving Equation 74, which

are:

a. Positive ions dominate the other charged particle species

through most of the cathode tall and therefore determine the slope of

the electric field.

b. The positive ion dritt velocity is proportional to the souare

root of the electric field at high fields.

c. The electric field can be approximated as a linearly decreas-

ing function through mo.t ui the cathode fall region.

respite the differences in assuming equilibrium or not assuming

equilibrium, both models scale apprcpriately and predict the same
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trends in all three gas mixtures.

COMPAISON OF RESULTS

Comparing the results of the GLOW and SHEATH models frorii Sectiois

III and I respectively indicates that both methods do predict the samr

trends for each gas mixture. In He mixtures buth models predict a

contraction of the cathode fall ith the addition of HC1 as seen in

Figures 5 and 20. Data from both models indicate this contrdction is

due to the more etficient ionization oi the HCl in the mixture, rather

than the formation cf negative ions in the cathode fall as was specula-

ted by Emeleus, et al. (Reference 42). Similarly in Ar/HCl mixtures,

* both methods agree thut the addition of up to 5, hCI has an insignifi-

cant effect on the cathode fail field or voltage. This can be observed

in Fiures 9 and 29. In Xe/hCl mixtures a slight increase in electric

field as well as voltage drop across the cathode fall was predicted by

both models. This increase can be seen in Figures 13 and 38. Data

from both methods agree that this field enhancement is due to the loss

of electrons to attachment near the cathode, although this is perhaps

most easily seen from the theory described in section, "New Equilibrium

Analysi, of the Cathode Fall Region including Negative Ions" in Section

111. lhis loss of electrons to dctachment close to the cathode is

ar.eloqous to reducing tht- electron secondary emission coefficient.

Figures 47 through 41 Loripare the dstribution of the electric

field through a dischdrue ior he, At, and Xe. In each figure, the

,lope of the electric fields are approximatel; the same as o Yesult of

the same fielc relationship being usco for the positive icr. critt

velocity. [lso, the results of the FIILAIH model are consistenutly
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higher than those of the GLOW model urntil the field begins to merge in-

to the negative low. This is a result of the nonequilibrium behavior

of the electrons near the cathode. The best agreement is obtained for

Xe aro the worst for He, since the electrons have shorter mean free

paths in Xe than in He and thus spatially reach equilibrium earlier.

The Townsend ionization coefficient for each rncdel is plotted in

Figure 50 alonn with the electric field calculated by the SHEATH model.

These coefficients were calculated for the given electric field using

the equations in Table 7. As can be seen, the plots for these

coefficients are not the same shape due to the nonequilibrium electron

behaviov in the cathode fall region. In the SHEATH model, the elec-

trons require several mean free paths before they reach the ionization

energy and can begin to multiply. This spatial delay in ionization

--results in a higher cathode fall voltage and higher field at the

cathode. The ionization coefficient predicted by the SHEATH model

actually lags the field, ie. the rate is low where the field is highest

and then overshoots and is high where the field merges into the nega-

tive glow. The GLOW model assumes the electrons to be in equilibrium

with the field and thus predicts the highest ionization at the highest

fields adjacent to the cathode. The cathode fall voltage required to

produce sufficient ionization for the discharge maintenance condition

(EqLation 1) is correspondingly lower for the equilibrium model than

for the nonequilibrium model.

LThe Townsend attachment coefficient for each model is similarly

piutted in Fioure 51 along with the electric field calculated by the

SHEATH riodel. These coefficierts were calculated for the given elec-

tric field using the equations in Table 7. Again the plots for these
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coefficients are not thu same sharF Cue to the nonequilibrium electror;

behavior i the cathode fall. The electrons close to the cathode have

a low energy and undergo several collisions before reaching the ioni-

zation energy of the gas. Thiis results in a large peak in the attach-

ment coefficient close to the cathode in the results predicted by the

SHEATH model. The Townsend attachment coefficient predicted by the

SHEATh model actually leads the field, i.e. the rate is high where the

field is highest and then undershoots (no rises again where the minimum

field merges into the negative glow. Note that the attachment coeffi-

cient predicted by the nonequilibrium model is more than an order of

magnitude smaller than that predicted by the equiiibrium model except

inmmediately in front of the cathode. Thus the ionization and attach-

mnt coefficients predicted by the equilibrium model do not represent

at all the actual spatial distribution of the coefficierts predicted Ly

the SHEATH model.

The growth of the electron current density is portrayed for each

of the rare gases in Figtres 52 through 54. The GLOW model consistent-

ly predicts a faster rising electron current. This difference is again

* a result of the nonequilibrium behavior of the electrons close to the

- cathode. The electrons first have to be accelerated to the ionization

potential of the gas before they can begin to multiply. This causes

the electron current density predicted by the SHEATH mocel to lag the

current density predicted by the GLOW model. To nake the eeuilibriuri

iiodel agree rore closely with the nonequilibrium model, Tran rNgoc, et

al. (Reference 86) have suggested that the ncan electron energy ane the

Townsend ionlization coefmicient be related through an energy balance
eouation. This yielded qood agreement with their nonequilibriun
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ionization coefficient calculated by a INonte Carlo technique. Simi-

larly, relating the Townsend ionization coefficient to the mean

electron energy should also predict a slower rising electron current

density mort closely approximating the nonequilibrium results.

At the cathecc lall-negative glow boundary which is annotated by

x=d c in Figures 52 thrugh 54, the electron current density was about

90'. of the total discharge current density (88/ for lie, 89% for Ar, and

95% for Xe in the SHEATH model; 85% for He, 85% for Ar, and 86' for Xe

in the GLOW model). This implies that a larger positive ion current

density exists at this boundary thdn at the Faraday dark space-positive

column boundary. As a result, positive ions must be formed in the neg-

ative glow by electron collisions from the few remaining fast electrons

that have managed to be accelerated across most of the cathode fall

region. This supports Druyvesteyn and Penning's (Reference 38) hypo-

thesis and Ul'yanov's (Reference 87) calculations indicating a signifi-

cant number of positive ions do enter the cathode fall region from the

negative clow. Thus, Von Engel and Steinbeck's (Reference 90) boundary

condition that the positive ion current density approaches zero at the

cathode fall-negative glow boundary is riot a good assumption.

Another example of the inability of the equilibrium model to

- describe the nonequilibrium behavior in the cathode fall region is

shown in the plots of the charged particle densities in Ficures 55

through 57. There is goco agreement between the nethods on the posi-6
tive ion density near the cathode. The GLC(W results agree within 13%

for He, 6% for Ar, and 5% for Xe of the positive ion density predicted

by the SHEATH model at the cathode. ihis agreement in positive ior
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density results in the electric fields beino almost parallel in Figures

47 through 4',. however, not as good agreement is obtained as the cath-

ode fall transitions into the negative glow region. ihis is due to the

different rates of growth of the electron density. The GLOW method

consistently predicts an electron density that is hicher than the

SHLATH method even close to the cathode. At the cathode where the

electron current densities agree for both methods, the electron density

calculated by the GLOW method is larger than the SHEATH results because

the electron drift velocity calculated by the GLOW nodel is lower than

that calculated from the distribution function in the SHEATH model.

le difference between the eiectron number densities calculated by the

C-LOW and SHLAIH modelF, does not aftect the slope of the field until

niear the negative glow region because the electron density is 3-4

orders of riaonitude less than the positive ion Gensity. As a result,

the equilibrium theory is found not to be capable of describing the

" particle densities as a function of distance through the cathode fall

*region. Through adjustment oi boundary conditions such as the

secondary emission coefficient and the electron drift velocity at the

cathode better agreement with experimental results could probably be

obtained, but it would still rot represent the actual nonequilibrium

kinetics involved there.

The nacroscopic parameterF such as discharge current, cathocE fall

olt(tiye and length, and electric field each contain one or more aver-

ages or integral, ever the electron distribution function. It was

thought that these integrals might tend to dilute the effects of

noneqUii Iibrium on these macroscopic parameters. Thus good agreerment on

thece mracioscopi( parameters shouId be (:>pected between the CLCW and
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SHEATH models. This was found not to be the case. Table 8 summarizes

these macroscopic parameters for the GLCW and SHEATh models. The

voltage and thus the electric field at the cathode are determined by

the net multiplication of the electrons as they cross the cathode fall.

For an electronegative gas, Equation 2 for the multiplication of the

electrons becomes

" = exp 1 (, )-r x ))dx (103)
0

From the results of the nonequilibrium analysis in Section IV, the

attachment coefficient is always much smaller than the ionization

coefiicient except immediately in front of the cathode. The attachment

rate for the cases examined was only a small perturbation on M in

Equation 103. This also agreeE with the results presented for Xe/HCl

mixtures where the ionization coefficiert effectively did not change as

a function of gas mixture.

Returning to Figure 50, the area under the ionization curves are

different lur the GLOW and SHEATh models. The GUO1'; model assumed the

electrons were in equilibrium with the field and results in the elec-

trons being able to ionize immediately upon leaving the cathode. The

SHEATH model allows the electrons to not be in equilibrium with the

field. According to the nonequilibrium theory, several electron

collisions occur before the majority of the electrons have attained the

energy necessary for ionization o the gas. Thus the norequilibriu4

model predicts a higher cathode fali voltage than the equilibrium model

in order to maintain the same net multiplication.

Analyzing this through the mathematical relationships, the slope

] 53
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ot the electric field is determined by the mobility (k+) of the posit-

ive ions through Poisson's equation. This is because the positive ion

current density at the cathode is determineo by the boundary conditions

at the cathode ivc.lving the secondary emission coefficient and the to-

tal discharge current density. The length of the cathode fall is de-

termined when the multiplication of the electrons is sufficient to

rmaintairl the discharge and equals 1 4- 1/Y(Equation 1). The slope of

the electric field and its extrapolateo x-axis intercept (d c) then de-

termine the voltage for the cathode tall. Thus the difference in the

macroscopic parar.,eters in Table 8 is a result of the nonequilibrium

character of the electrons which alters the icnization coefficients

from those predicted by the equilibrium (GLOW) model. Thus any agree-

ment of the equilibrium method with experiment is entirely fortuitous

as von Engel suggested (Reference 89:224).

The scaling factor SF(,k+) listed in Table E; should be identi-

cal for both the SHEATH and GLOW models since they both used the same

secondary emission coefficientt and same field relationship for the pos-

itive ion drift velocity. The slight differences in the data between

the models are primarily due to extrapolation errors in determining dc

and to round off errors in d and Vc C"

Although the inability of the GLOW model to describe roequilibri-

um effects accourts for most of the disagreement in the preceding

figures and in Table 8, another factor dffecting the ayreement of the

two methods is the use of two different data bases. The GLOW model

bases its electron kinetics cri curve fits of empirical data for the

lownsend ionization and attachment coefficients. These coefficients

are norrally derivea from drift tube expernments where a swarm of elec-

l5b
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trurs drift between two elc-ctrodes ird are in equi 'itrim with the

field. The SHEATH model on the other hand boses its electron kinetics

on scattering cross sections. Under, ideal conditions both determina-

Lions of ,'ither frori (it itt tube experiments or cross sections, should

be consistent. Some attempt was c'ade in Apptrdix C to crrrelate thj

sets ot cross sections used, with measured transport properties using

an ecuilibriun Boltzmann code. It was iirpossible, however, to corre-

lcte them over the whole range, since transport data was lacking at

seme high E/p's. In addition, the equimbrium Boltzriann code was limit-

ed to calculations at low and medium fields because it did riot include

the newly created secondary electrons in the distribution function.

Thus the data bases for E/.'s less than about 160v/cm-torr dittered

less than 20% but for higher E/p values the difference could be more.

In summary, both the SHEATH arind CLOW models predicted the same

tr.rds in lie/HCl, Ar/HCl, and Xe/HCl mixtures and both models scale

according to Equation 74. However, the discussion in this chapter

has showr that the GLOW iiodel should riot be used to describe any of the

cathode fall par-ameters. In the cathode fall region, the electrons

h,;w been shewri not to be ir equilibrium with the field. As a result,

the cathode fall voltage and length are larger ir the SHEATII model than

the l OW model in order to compensate tot the noniorizing regiori

(PrimAciry bark Space) near the cethode where the elrnruns are being

accelerated up to the ion itiun energy of the gas.

OI This irvestiqaticr of the cathoce fail r (timn sets the stage tor

turther invest 'yations o, the negatlk, glow. Due tc the slightly

bimodal character I the electron distribution function at the CaIcoGe

V5A



fall-negative glow buui dary found in the SHEATH results, a nonequilib-

rium technique should also be usec to investigate the negative glow.

in this region, a small number of electrons, that have managed to tra-

vErse the cathode fall with one or no collisions, lose their energy in

the negative glow forming ne, electrons and positive ions through

ionization. In essence, the electron distribution furction is stili

changing faster in coordinate space than it is in vulocity space.

3. ANODE FALL (ECION

This section discusses the applicability of both methods to the

sheath region at the opposite crid of the dischdrge lear the anode. In

the GLOW model calculations the anode was piaced after a chosen length

uf positive column. However, due to a limitation of memory space the

anode for the SHEATH cases was placed in the negative glow. This cor-

responds to an "obstructed discharge" (Reference 6). The properties of

the anode are very different when it is placed in a slightly negatively

charged region such as the Faraday dark space as compared to being in

contact with a neutral plasma such as the positive column. These prop-

erties are discussed further below.

The boundary conditions for the anode fall are fairl simple in

the more usual case when the areoe tall and positive column are aoja-

cent. Sufficient electrons must be accelerated across the anodc fall

and create sufficient ionization such that the numhe-r uf positive ions

crossing the anode fall-positive column boundary is equal to tie r.umber

crossing the positive columa-[oraday derl space boundarv.

It s commonlv be jeved that each electron enterin(, the anode fei,

Iust he accelerated to [th ionizatien potential of the gas. Fach elec-

i57
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tron has to crtfote an ion before stril.riy the ancde in order to iladin-

tamn Chdrge neutrality it the positive column. It was found experi-

mentally (data is surlimiarized in References 1 arid 6) that the anodae lall

voltage was usually about the samue magnitude as the ionization poten-

tial, except it, electrorieoative gases. However, it 4, aiso known that

the electrons in the positive column have an equilibrium~ Gistribution

of energy, with a few havir . un energy greater than the energy e-quiva-

* lent to the ionization potential. lhus the potential is differenit for

each electron to be accelerdted to the ionization potential of the gas.

In addition, charge neutrality ar.o uniform dersity in the positive

column are maintained by requiring that an ion enter the Faraday dark

* space each time orie enters the, positive column from the anode region.

Similarly an electron is required to enter the positive column from the

*Faraday dark spacC ea-.ch time ore leaves thec positive column and enters

the anode fall region. Using these arguments, it is not necessary

un~der ideal conditions for the atode fall voltage to always be equal to

or slightly larger than the ionization potential.

!he anode acts likes a probe collectirn the random positivc and

re~iutive cur i~rits from thE positive column and so its area is also very

importoriti. If the anocde area is sc. small that the negative random cur-

rent is Ies,, than that required by t~he external circuit, then a region

(if .pace chdr~lt ionis to pull1 more negitlve charges from the pusitive

- ~ coluit ind make thc (ollectifrt area of the arode larger. This requires

d po)tertial on tilt- urder ui doe innizat ier [otentiai (.r less, since a

potentid 1 r;uh idr'yt I thn the r iZatiOr, POtential WOold tend to

* ted te tiuIIei(,, electt ro-ion pa r' reducing the Oifecti vene-ss of the

hea th t rneIall VOll oies small or thanl the icrization potentiril h6ciV
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been observed lReferernce 6) usino large concave anodes. This type ot

anode reduces the losses to diffusion and enables more negative charges

to be collected froi. the positive column.

The boundary conditions for the anode fall are more complicated

when the anode is in the Faradcay dark space. Near the negative glow

boundary there may be sutticicot fast electrons from the cathode fall

to carry most of the discharge current. These electrons are already of

* sufficient energy that little (.r no acceleration is required for

ionization to produce positive ions. In this case no anode fall exists

and the field remains almost constdnt rioht up to the anode. As the

electrode separation is increased, the anode fall region must of course

eventually transition into the normal type previously described.

*i Francis (keference 6) claims a normal anode fall develops suddenly at a

critical distance from the cathode lying near where the Faraday dark

space-positive colurin boundaty would normally occur. This critical

distance should be appruxiMately equal to the stopping distance in a

gas for an electron with at, energy approximately equal to the cathode

tall voltage.

* Other factors described by Francis (Reference 6) which affect the

, voltage across the anoce fall are:

a) stepwise ionization. Stepwise ionization results in a smaller

voltage since the electrons do not hav to be accelerated to the full

ionization potentiel in order to create an ion.

b) the electron current density. This is closely related to the

* anoce ceometry. Increasirl( the current density beyond what the anode

- can normally carry is tantamount to decrez.sing the anode area ard hence

increases the anuce voltage. 1t high currents, regularly spaced spots

'59
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form on the anode which e reciers of high conductivity.

c) electronegative gases. Aiuing an electronegative gas to an

electropositive gas i,:ay or iidy Lot cause the anode voltage to increase

for the same r-asun the LCthode tall rwy or may not contract as dis-

" cussed in previot, clilptets. The poteftial drop across the anode would

depend uipon the part al prte;sure averagee ionizaoiun potential of the

gas W;xture in adi tiuri tu Lhe loss of electrons to negative ion forma-

tion. Generally, a figh coetWiient of electron attachment greatly

reduces the ionization efficiency. For example, anode fall voltages ir:

the halogens have been observed to be several times the ionization

potential.

d) artificially produced space charge. Specially coated anodes

which yield positive ions upon electron impact obviously have smaller

anode voltage. If the namber (f positive ions is more than that

rcquired for the flux ertcriny the positive column, the fall can be

negati ye.

c) proximity of side wdlis. Changing the distance of the side

walls can change the rate of diffusion aild racial fields which car

result in incredsing or- decreasing the anooe fall vc:ltage.

The anooc fall in the (dOW code calculations was adjacent to a

positive columr region. lhe anode fall voltage in Figures 5, 9,

and 13 were in the range of l-2v. 'These values were deteriea tco

be the di Iterence in vol td(I, Jt Lite anode dnd Ft the minimum electric

tiel. ib1, is much _hieIi e thaI LhP normd] a rode fal vo tage which

is (,r, the order (l the ion iz:( ion potertiol of the gas. The use of

' - Ward's formiiula tut Lkt drift viccILy (ktterence 92) could lead L,, a

rimue oorrect tir.de tall vtdge. irl'e the electric lield near the

16(0
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cathode fall-positive colum, buGndary is lIss, when Vuvd's formula is

used, this would also resul( in a smaller electron current density

entering th- positive column,. A broader anode fall region would then

be required Tor the el:Intlron curr enL density to reach the total

cischarge cuteunt I ll. even though the electric field y.adient

would also he less in t e dnode fal!! region, the Iact that it would be

over a lurngr (i stdi( I ( u i d inLr LC sf the anode fdll voltage.

* The anode ini Lht SHLA4II cc.lclatiUs WdS placed in the region of

the negative glow. Ary correidli(m in the ddtd close to the anode is

i rideterminart due to the changing location of the anode in the negative

glow region. lhis occurred because the cathode fall width charged

while the electrode separation WdS held corstant for each rare gas

' mixture.

r In cad1tun , the SHEATII (.odC chanyes I rom constanL energy bins to

ConStdIIt ',11dt ial dIhi is Very eIrd oi" at the ni rimun in the electric

tir,ld. At prrr,ct't, this Lhc qe of varicible is not smooth for all

pdrarItr's Cdlcod1ted by the c(ui, u dy pr.dictions by the SHEATH

methoa oi the d(r:(.de faill will be held in rYeservation. Thus in their

preint cOOl 19 urdtion , P( 4iUr code ,roperly deccribes a normal anode

fall rct ion.

In ordet for the SHL.Alh model to he able to correctly describe a

norridI anude ftIl, severdl new modifica tions would have to be made.

The model could be- cr~oed to r eo iect the boundary conditions at the

anode 1 r. tod of the ,hle, Sn thot the calculation stjrted at the

driode dnd p mr ( co tl-Waros t 'e posit vc, coIumn.
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,i (d) 0 1011)

Je(d) + j (d) = (10)

This also requires that E (d', j (d), and the electron distribution

striking the anode he known. Potential problems with the point at

which the code chanq.s from equal energy increments to spatial incre-

ments could also occur again, since the energy gained in a mean free

-. path is much less in the anode fall. Similarly there would he poten-

tial problems with greater than or less than statements when the sign

convention was chanqed tronm x to -x.

if a new computer system is installed which has 2-3 times larger,

dccessible memory space, it would also be feasible to expand the array

so that discharges with larger electrode separations could be modeled.

This is perhaps the easiest solution to modeling the anode fall using

the SHEATH code.
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SLL1I [N VI. CONCLUSIONS AND SOME

CONSIDERATIONS FCR FUTURE STUE.Y

I. CUNCL(IS IONS

In tt.e present study, two very different miethods of analyzing glow

discharges (GLOW and SHEATH) were developed dnd applied to three dif-

ferent cases representeo by He/HC], Ar/HCl, and Xc,/hC1 mit~ures. Even

though the Lwo methods did use different input data base,, founded or;

the prior work of different authors using different experimental ap-

k proaches, the results of the two methods had the same trends and both

* models scaled according to Equation 74. The following conclusions

are based on the results presented in Sectiors Ill, IV, and the compar-

ison of the models in Section V:

a) Electrons were found not to be in equilibrium with the elec-

tric field throuchout the cathode fall region. Close to the cathode,

the whole distribution is accelerated up to an energy eoual to the

ionization potential. This predominantly dark region is called the

Primary dark space. Next the electron distribution function becomes

bimodol as some of the electrons lose their energy to icnization and

excitation. This luminous region is called the cathode glow. In this

region, the majority of the electrovns have a mear. energy greater than

the ionization energy. As more and riore of the electrons lose energy

to inelastic processes, tk, cdithode qlov rerges into a relatively

darker reQion calleo the cdthode dark space. The energy difference

between the decreasirn) IuiWher of fast and the increasing number of slow

clectrons gets lare? Lis the tfst electrons continue to be? accelerated

by the lirearly decreasing electric field. As the electric field be-

" "2 b3
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comes very SrIk1l and aifiust constant in the negative glow, the remain-

ing fast electrons rescible an electrcn beam. They deposit their

erergy in the gas creating many highly excited species which cascade

down and produce the bright luminescence characteristic of the negative

glow region. J-,s d result of this nonequilibrium, the GLOW or equilib-

rium model was found in Section V to be inadequate in describing both

the rocroscopic parameters such as charged particle densities and ioni-

zation and attachment coefficients as well as macroscopic parameters

such as cathode fall voltage, cathode fall length, electron current

density and electric field. A model which allows the electrons to not

be in equilibrium W-1,h the electric field such as the SHEATH model or

Monte Carlo technique must be used to describe the parameters in the

cathode fall region. The negative qlow region should also be modeled

By a technique which allows nonequilibrium. The model for the negative

glow however could be simplified by separating the electron distribu-

tion function into a low energy component and a high energy component.

[,) Better agreement between theory and experiment can be ob-

tained for pure gases by a judicious choice of -v and k+-. Equation

74 can be used to relate - er(l k4 to experimental cathode fall

voltage, current , and cathode fall widths. These values of , and k+

should then bF used as inputs in the SHEATH model since the SHEAII

model was shown in Section IV to obey the scaling relationship given by

Fonution 7b.

r) The slupe c tht e Iu tric field in the cathode fall is deter-

w i t,( (d ,/ the Ic. ii ve 1on ocrs ity. If Peisson's equation is wrilten in

terms (if the ratiu, t the charged particle current dersi ty and drift

velocit\, then Lhe slope of the field close Lc the cathcdf, is deter-

1 (;4



mined by the mob] iIy t ) ()f fh hos i tiv: icrs. The positive ion cur-

rent density is corstant c l W)o, !u the Cdthude and is determi ned by the

total ci,_harge curreru ounsi Lt !iid . he cr.gth of the cathode fall

is determi ned LK the Hid in'trdlCe (_e1d i tIon for the discharge involving

the mu] tipl i ct ior, (A. t tuns h rugh the no thude fa I ( Equaticrs 1

and 103). The . Ilope ut 'L IlCctri C fi id and its extrapolatec x-axis

inter c.pt (d ) ther: (!t "er ines th:e vol taqe drop across Lhe cathode faIlC

regic,.

d) The formatIu1, of small amounLs (n_ < te) of negative ions in

the cathode fel ry ion WdS f ound riot te he the reason that the cathode

sheath leI.th cotiti cLts irn the axial direction. Actually, the forma-

tion of roydtive lofri (muses the cathode fall voltage to increase

slightly whi(.h in turn results in a slight increase i the cathode fall

length. These tiends coud he seen in thu results of both the equilib-

riun an ronequitrium anflyses in Sections III and IV.

e) Whfr on idtLdhirq, gias which hdS a low iorization potential is

added Lo he or Ne, the (observed . ctraction cf the cathode fall lercth

Wds found to be due to ar increase in ionizatirr; -i, this region. This

ircrease in iorization i. e result of the lowering of the ionization

thrcshold and tie ultrererc in cross .(.tion shape for the two gases

in the r;ixture.

f) ,he ShLAlif w,! od wh ic , owed the lectrons t( i ot be in

equi b ibri)n with thN fti d pr euG ted m Townsend attachieel coeffi ient

* which contni.o a pelA f... f- t, dthodv, reached a r.ninium at the Iegion

where iu el ect rr ,f di Co r o iid , I iownser( i (ori zat io peaked and then

Y) (A.V aqain 0 d t I Ie Id ,is wm I s the k tlc-tron mean enerqy decreased.

I 1L,, hecm, th( t I i, a I htur)neoat, iv" gas MIlXtb1e was found to be

Ibb
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characterized by d Lhin reginc (.luse to the cathede in which attachment

dominated, tollow.'ed by i rr(,or, in which ionization of HCl dominated

the ionization of lie or Ar hiut not Xe, before uniform ionization of the

mixture Lbgan.

g) lht. josi tivt, ictr, current (ifrlsIty at thE cathode fall-negative

glow boundary Wd F'und to still contribute a significaint amount

(5-1b;;) to the Ltutal current desity. Thus the boundary conditior that

the positive iun current deri ty approaches zero at this bouru(ry is

not a good assumptior.

A1though this analysis was mainly concerned vith modeling phenome-

na in the cathode fall region, the conclusions d and e above could also

be applied to the anode l,!l region. In contrast to the cathode fall

region, the negative char9e density is much larger- than the positive

charge density in the anode fall reoion. Thus the width of the anode

fall would depend on how fa.st the electrons are accelerated to the

ionization potentiL. Thus the relatioriship of the electron drift

velocity to the tiueld is more important in this region.

2. THL[.URET Iti\L u.;SIDERAII(NS FOR FUUl(PE STUDY

In the course f this study several areas can be identified which

warrant further the(jr ftical investigation:

a; irie ionizoti, oof HoI ca.used the cathode iall to contract

in He, turther study kt the ttfe(ts resultinq Itrom chain;ino the ioni-

zotion cross-sectim1, vould he of bt'. Both changes in the threshoid

ano initial sl(pe ot the (r.ss sectui r should he examined to see which

dffecL, (hanes, ir thre caithooc .hcath strr(ture the iic'sl.

b i, Irimete '(I upin{j ot ha: econdary erm ssion coe:fficient 'nd
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positive icr mobilit, (I.; is recommended. This has not been inves-

tigated using nonequilibrium te(hniques.

t) Using the present resuIits from the cathode fall as inputs,

the nonequilibriu, r;ethod could e used to irvestigate the negative

glow-Faraday dork spacU 'eqion provide the field does not go negative.

d) The linear analysis presented ir this stuOy can be expanded

[-"- to describe the kinetic. in different electrede geometrie. represented

by thyratrurs, pldSmd reactors for depositing thin films, or hollow

cathode discharges.

"e) The resuln of this stud, can also be applied to understand-

ing the tiek variatius and uhargeo particle kinetics in striations.

Different boundary conditions would be required for striations. The

clargea particle derv!t.ie on each side of the striation would replace

the boundary condiotliht o.n the current aensiLie. at the electrodes.

-Ht) lt cathodes couln be modeled using either the GLOW or SHEATH

techniques. Pecaus, the accelerating voltage is less in the cathode

fall, there should be d smllvr degree of Punequilibrium. Thus the

GLOW model should give much herier dgreement in this case. In addi-

*l.[..[  t ion, tht buUndary condiLi on at the cathode relating the pos itive ion

to the electtrn curl' crnt , orsity would have to be replaced by a single

source of elertrtrs.

y ) bue to I i w, Le i sute, .turace space , the only t lec tron col -

lision processes ca ltuiated as f nio 110s 0 distance wore the ionika-

MV, did dlto(mernt (iUNtIcIS. [ orther investigation Of the other

excitatin, ot t A1itd r ; rd -opf If icients 1ot \'ibratinrl excitation

wuuld hu usef:l to Uomle l, the understanding of the :at&hoh fall re--

16:
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h) Operation of tlht HEAIH cdod( would be much more efficient as

well as convenient if a numericol technique were added to converge to

the lowest valuE Cf E for whicL, complete solution exists, before the
|*. field is iteratud for consist'r.cy with tbc lectron distribution func-

tior;. This techn ique cou 10 t simir LO t he modifi(d interpolation

technique which W(I5 used in the GLUW code.

1) 1jure detdileId iun kineti s options would make the SHEATH model

more universal. Electron-ion, and ion-ior, recombination, detachment,

and two step icriZaLion could be added such that the ion or metastable

densities could be updated after each calculation of the electron dis-

tribution function for a self-consistent solution. Recombination and

detachment will be iure important in the negative glow and Faraday dark

space. These processes cd not be incorporated in the preseit GLOW

imodel because they are nonlinear With respect to je'

j) Cathodes can be coated with special films which emit negative

' ions. Further investi(ation of the effect of a cathode as a source of

negative ions on the cathode toll voltage and width would be interest-

- ing. A further increase in voltage and perhaps width of the cathode

fall should be anticipoted according to the theory in Section III if

recative ions are releaseo nt the expense of electrcns.

3. EXPI[,IENIAL cGlli.DERATl(;NrS I-UR FUTUkE STUDY

SeVal experirertal topics have also been identivied in the

* course ul this stuy ,b Wichl warranlt further irvestigation. At present

the first two Il cPI.s at huir( pursued.

a) No expurciir,tcl t-vidern (ould be found for the nor-contrac-

tion ut the catlhijd( toll in mixtures of Ar or Xe with I1CI or any other

;-7-N



attach i1 yas. A scio 1 ii scha r(u Lube is pres ertly Unldtr c-onstructic-n

in the Plam [ ST~ hysics Grct 1 ',/kIW/k-, IOCC-3) which V! Iall Iow conf irma-

tion of th-is pheriowi(r. A was,:, ,,,utrometer will be usc-(d to nmoni tor

ainy chargeU in the netrol patticl Jiemistry.

b) J t i s now puss, i b ie LL)uo, crider, rcIsrig the u ectri c f ield as

ci f uncti on of(1 e'LaiCe Oil oug(h the cathode I a I] r olon . Some potential

techiqus ae rr ~utuiKin [4ple-fiee laser' polcrization, Doppler-

*fr-ee speceroscopy , ori S-tark iridted mixirc cil difrferent parity levels

i r;n6 exci ted iI ueC~L 1dr eEct ionic st ate .

c) lhe energy LitStr'lblt ion of tfh electrons could be measured in

an cbstructed d4i scharge by ,biip] i ny the electrons through d snial 1 hole

in the anoce. Thie,,c r-esult KS ould then be compared with theory.

d) S i i I (lr-I the enutrgY, distribution of the positive ions could

be sampled thr-oughi d sillaIi hole in the (cithode. Both major and winor

oris should Le sampled beLcause (A: the differences in charge exchange

cross sec-tions. Oy r.~wi rig theitr energy aind charge transfer rateS,

their origin it, the cathode hui I or, negaitive Clow could be determined

and checked with theor-y.

e) laser inducCLd 1 torescerice could be used to search fur fast

neutrai miolecules which would be ani indication that char-ge transfer has

o-urred . Ta is te chn i qu( vulc' cornpl tent those-- dc scri bed it-, and d

* abuvt dtid coul]d be rc(f)i st-co siril]tanecfu'ly.

itIs [hoped th. this situd, hes provided b; etter- undeerstanding of

the cathc (( to 1 1r 1K t luowi iieyati~e innts in th-, r-eqion.

The germer ic )t-til t.s oft this study (-on hr opp] ied' te t~cimer lase(r,,

thyratrorms, Ur p[]dsmmn Yuf"-( or; ton lthe dep-Josit icr Ot thin filmis. As a

fnalI qu del me, it I J It as 14;Ortd rlt .0 unde rs tand t he [os iti ve i on

%0



kinetics in the athude shectLh region dS it is to understand the elec-

tron kinetics, becaust t is the ior mobility which determines the

slope of the electric i Id.
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APPENDIX A: REVILW GF NEGTiVE

10h FORMATION

In urdey to pro (dt continjity in the descriptions of the models,

rhe mechanisr.,, did importdnt feai ure or negative ion formation are re-

viewed. Several reactions occur which form negative ions and these are

.- _ listed and described below.

X * e - Y I h, radiative capture

X + e" + M - X- i M 3 body electrcr capture

X + e X + Y dissociative attachment

XY + e -X + Y- i ion pair formation

(X an ator-i, e = an electron, h a photon, M = an electron or an

atom, XY = a molecule maoe of dtofls X and Y)

--. 1. DISSOCIATIVE AITACHMENT

The 'lnost common process ot forming negative ions is dissociative

"'. ,tttachmert. In this cose, an electron collides with a molecule XY and

dissoccates the molecule into a neutral ato:i X and a neqative ion Y

To aid the visudlization of transitions Letween stetes, dissociative

attachment can be divided into 3 cases using nolecular potential energy

v C curVes. These three cases :ill be discussed next. The discussion will

include the influence of vibt'dtional cxcitatior on dissociative

" attachment.

In all three cases represented in Figure E8a, b, c, the heavy

,olid line refers to the ground state of the neutrl molecuie XY. The
:uclear sepration oscillates then between P, ard R2. The thinner

"ui *' 1
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W~D a+YL Do- X4Y

z 0.

0

R, R, R, R, FIR R, R,R

DISTANCE DISTANCE DISTANCE
(a) (b) (c)

Figure 58

Potential Energy Curve Allowing Dissociative Attachment

* curve refers to the molecular ion state XY which at infinite

separation (X + Y-) tends to a limit which lies below the potential

energy curve of the neutral molecule by an amount of energy equal to

the electron affinity (E a) of atom Y. The solid region represents the

range over which the negative ion state is stable. The dashed region

represents the range over which the negative ion state is unstable. In

this region the negative ion may give up the electron and return to a

ground state neutral molecule XY, via autodetachment. If T(R)/h is the

rate (sec" ) for autodetachment, then the energy in this unstable

region is uncertain by an amountV(R) and the dashed line actually

should be a band with a width r(R). The molecular ion state curve

crosses the ground state curve at Rc. Applying the Franck-Condon

principle to the transition from the ground molecular state to the
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negative io state leds to a final state represented by s,,me point

lying between a and b on the pote. tial energy curve. lhe threshold fio

U dissociative attachment, I is the difference between the molecular

dissociation energy D and the electron a finity, E, of the negative
U a

atomic ion. Thresholds have been tabulated for several molecules and

they are
EDA =fD - E (lub)

compared to thresholds for ion pair formation shown in Table 9.

The competition betweer autodetachment and dissociation in

molecular negative iers leads to d strony dependence of the cross

section on the mass of the nuclei and the rotational and vibraticr,al

states of the neutral molecule. In case I represented in Figure 58a,

first suppose dutodetdchmient did rot occur. lh~n all transitions froi,,

the ground state to the ion state would result in dissociation into an

;tom X ana ior, Y with a reldtlve kinetic energy between E! and E if

autodetachment is allowed tc occur at some internuclear separation R at

a rate tk)/h, then after the transition tc the negative ion state,

the atomic rnuclei becir, to separate with a relative velocity V(R), and

the fractio; of negative ion molecules remainirg (Reference b) or

"surviving" is

- Cx - I - h')IR

f5 (R

If the sepiatoOi between the atomic nuclei retac, hes R before auto-
c

detachment takes place, then the n(.utral molecule dissoc:idtes int(

X + Y The cross section for thi.s process call then be approx-Miatec by

173
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Table 9. Threshold for Dissociative

[.ttachment arid Ion Pair Production

Molecule E L L [i i, o I e ITh

HgI 3.06-I .35 0. IC.43-Hg 7.73

HgBr 3.36-br .71 0. 10.43-hg 7.76

" HqCl 3.61-Cl 1.04 0. 10.43-Hg 7.86

F 2  3.45-F 1.60 0. 17.42-F 15.69 15.57

HgF 3.45-F 1.8 0. 10.43-fig 8.78

IBr 3.36-Cr 1.82 0. 10.44-I 9.85 8.89
3. 06-1 0. 1 I. N -Br 10.59

12 3.06-1 1.54 0. 10.44--I 9.31 8.92

ICI 3 61-Cl 2.15 0. 10.44-1 10.08 8.98
3.06-I 0. 13.01-Cl 11.8

Br2  3.36-Er 1.971 0. 11.84-Br 10.52 10.45

BrCl 3.36-Br 2.23 0. 11.84Cl 11.1 10.71
3.61-Cl 0 13.01-Br 11.63

FO 3.45-F 2.23 0. 13.61-0 12.79 12.39
1.46-0 .77 17.42-1 18.18

Cl, 3.62-Cl 2.48 0. 13.01-Cl 11.5 11.8

BrO 3.36-Br 2.40 0. 13.61-0 12.65
1.47-0 .93 11.84-Br 12.77

11 3.45-F 2.2 0. 10.44-I 9.51
3.06-i 0. 17.42-F 16.58

BrF 3.45-F 2.548 G. 11.84-Pr 11.78 10.94
3.36-Br 0. 17.42-F 16.6(

i LIC 3.61-(l 2.75 0. 13.61-0 110 12.76
1.47-0 1.29 13.01-C! 14.30

Hgl: ./5-H .37 0. 10.43-Hg 10.05
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Table 9. (cont.)

Molecule Ea  D 0 Ei l mole L h

HI 3.06-I 3.05 0. 13.60-H 10.38 13.59
.754-H 2.79 10.44-I 13.23

10 1.47-0 1.8 .34 10.4,,-I 10.78
3.06-I 0. 13.6.-0 12.05

libr 3.36-br 3.76 .40 13.60-H 11.67 13.99
.75-H 3.0 11.84-Br 14.84

HCl 3.61-Cl 4.43 .82 13.60-H 12.75 14.42
.75-h1 3.68 13.1-Cl 16.69

SH 2.08-S 3.55 1.47 13.61-H 10.43 15.09
.75-H 2.80 13.60-S 16.39

[IF 3.45-F 5.94 2.49 13.60-H 16.06 16.05
.75-H 5.18 17.42-F 22.6

OH 1.47-0 4.45 2.99 13.60-H 12.91 16.58
.75-H 3.70 13.61-0 17.31

02 1.4,-0 5.12 3.65 13.61-0 12.07 17.26

h, .75-H 4.48 3.73 13.60-H 15.43 17.33

HD .75-H 4.51 3.75 13.60-D 15.45 13.35

SO 1.47-0 5.36 3.89 10.36-S 10.29 14.25
2.08-S 3.28 13.61-0 16.90

1NO.47-0 1., ,.03 14.54-i 9.26 19.57

LN 1.27-C 7.76 6.49 14.54-N 14.1D 21.03

CO 1.47-0 11.09 9.63 11.26-C 14.1 20.89
1.27-C 9.82 13.61-0 23.44

E = Atric Electron Affinity ini eV, from Peerence F8
a
- = Molecular Di.,,ociatioti Energy in eV, from Reference 510

*Q E[A = Threshold for L'issocidtiv'c ttachmevL in eV
4, "DA - Atomic Ioni.:ation Potcrntial in eV, from Refererce 51

E. Molecular lIoization Potential in eV

E T h ; Th(shold lor Pair Formation in eV
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R

(R) exp- R') dR' (108)a c Rf fV(R

where is the cross section ior the initial capture (Reference 8).
C

Because heavy atomic ruclei typically oscillete more slowly than light-

er nuclei, the heavier nt(.Iei spend ioure time near the turning points

and have steeper potential wells. This increases the probability that

the internuclear separation R or the molecular ion wili exceed R be-c

tore it autodetaches. Typical peak cross section values from thc

ground vibrational state for dissociative attachment range from

10- 20 cm2 for light rolecules such as H2 , HD, cna D, to 10
- 14 or

0-15 cm2 for heavy molecules such as HI1, and 12. (See Table 10).

In case II representec in Figure 58 (b), only electrons with ener-

gies between E and E3 can dissociate the molecule ano produce atomic

negative ions through the dissociative attachment process. The resul-

ting negative ion Y and atom X thus will have relative final energy

ranging tron 0 to E1 -E Electrons with energies between E2 and E3 can

be captured, but they will form excited molecular negative ions XY

These molecular icrs will eventually autodetach unless the excess ener-

gy can be absorbed through a coliision. Thus the total attachment

cross section for this case will be independent of pressure for pres--

sUres greater than some critical pressure, but will be proportilonal to

Lei the pres,.ure for pressures less than the critical pressure. The criti-

cal pressure occurs when the average t-iwe for the vibrationally excitea

I olecuI u to transfer its excess Energy to a pas moleculL. is comparable

to the time fr jutodetdchrent.
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Table 10. Thresholds and Peak Cross Section

Vdlues for Dissociative Attachment

Process
Diatolic lhreshuld Peak Energy it
Molecules (eV) (cm2) Peak (eV) Reference

e- + F, >F- + F 0. 8.015 0. 23

e + 12 ,I + 1 0. 3.1_ .01 19

e + Cl2 Cl + Cl 0. 2.02_6 0. 57
2.79 18 2.6.. 4.84_ 18 5.8

e + HI Neg Ions 0. 2.314 0. 24

e + HBr B + Ii .395 2.71_16 .293 64

e + DCI Cl + D .55 1.25_17 .836 16

e + HCl ' Cl + H .8236 2.2]7 .85 33

e + 0, 0 0 3.65 2.0_18 6.45 25

e * HCl 'H + Cl 3.68 5.219 7.0 16

c + H2 'H + H 3.73 1.621 3.73 17

e + H2 Neg Ions 1.2320 10.4 76
1.23_20 13.9 76

e + HD'Neg Ions 3.75 6.34 10.4 76
1.46_20 13.9 76

e + D, flb + D 3.83 3.0 3.83 17
2.7 ,..4 10.6

-21
9.88_21 ]4.

e + CO 0 + C 9.6 2.43_19 10.2 78

e + CO Neg Ions 9.6 2.02_1 9  10. 74

c NO Neg ls 5.03 1.12_18 8.) 74

11m
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ldble 10. (cont.)

Diatomic Threshold Energy At
Molecules (eV) Peak (cm2) Peak (eV) Reference

Tyicttomics
e+ N,,O - .. . .20 3.57 1.4 25

1.0318 2.39 25
-17

e + OCS + ... .6 3.12 1/ 1.24 97

C + Cs2  S + .. 2.6 5.7591- C 2 " - + .. 2-1.7 _ 9  3.35 97

3.0219 3.68 97

+ CO2 "0 + ... 3.' 1.4819 4.3 74
4.2 19 8.1 74• -. 2 19

e + H20 'Neg Ions 5.3 4.9_8 6.4 22

H" IO H + ... 5.7 6.95 6.62 30
L -18

e + CO2 'C + ... 14. 2.021 18.5 80

Polyatomics
e SF b'Neg Ions 0. 55

I + NF3 ,F .7 5.98_17 1. 82 47

e + NH3  Neg Ions .9 5.7-18 2.47 31

e + NF3 ,NF 2 + . . 9 5.99_17 1.89 23

e + NF3  F 2 + "'" 1.0 6.0_17 1.87 23

e + CF4 *CF 5. 4._19 6.89 97

3 4
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In case III represented in Figure 58c, negative ion nmolecules

with vibratiorzl states . ' are stable, hut those with >. are

unstable and can result in autodetachment. These states may be

stabilized through collisions similar to the process described for case

II. Similarly, the cross section for attachment will exhibit resonance

maxima which arv associatea with the vibrational levels with >

provided the lifetime of the excited vibrational state is long compared

to its period. This situation occurs in 0., and NO, resulting in the
L

production of 0 2 and NO after collisions with other gas molecules.

Table 10 tabulates experimental data for thresholds and cross section

peaks for several attaching molecules.

Increased vibrational excitation enhances the aissociative

attachment cross section for Il three cases since electron capture can

.genereily occur at larger and larger values of R. Thus the molecular

negative ion is more likely to "survive", tI'e closer R approaches Pc

through vibrational excitation. kotational excitation can also enhance

the cross bection for dissociative attachment due to the centrifugal

stretching occurriny in the excited states, but in a less dramatic

manner than vibrdtional excitation. Parasley and Wadehra (References

17, 91" have shown thdt the magnitude of the dissociative attachment

. cross section from the . = 5 levl in H2 and P2 increases three to

four tcers of magn-itude. All hrl und Wong (Keference !d) have measured

siriildr increaes in their Lxperiments ith HCl. The change in the

survival factor" is thOuyht (ReTererce 91) tr bc more impurtant than

the change H4; the Frdrick Condon fActuo in explaining this dramatic ei-

fect. If tle lifet ire Of the vibratienally cxcited molecule is long

compared to the per iod of vibration, the attachment probability wili

. . . . . . .. . . . . . ..... . . .- .. . . . . . .•" '[ i



coritoin resonance peaks. lhis is a result uf the initial electrch

capture cross section exhibitina resonance peaks due to the ratios

of populations in the various vibrational levels. Experimentally this

varidtion with reptct to rotational and vibrational population appears

as a temperature dependence.

The remainihg proces.ses, including radiative capture, three body

capture, and ier pair tornation are gencrally less important than

dissociative attachment and will be discussed only briefly.

2. RADIATIVE CAPTURE

Radiative capture is the simplest process for creating negative

ions. Electrons are capturea directly by neutrdl atoms with the excess

energy being dissipated in radiation. The amount of energy released by

this process is equdl to L 1 E where E is. the kinetic energy of theC

incident electron dnd L is the electron affin~ty of the dtem. This
a

u[cture prut-(:s produces : Lontinuous emission spectrum extending

ind fir itely trui , the long wavelength limit at

hc (109)

Ea

,y i I, 1 d(Ili 'uCe tfo this proc:ess is on the order (0 C( cm with

I ,!Y(( lite:dk near ero impact en:rgy (ReTerence 8). Ti's is two oroers

if i .r:,f itudt ioller than tht smailest cross section lor diSsoiciative

jtt,!(hwent. AIL relative1v l ryge luA Ltrerqy peak rrurs because the

e1ectruio sperndi t nigqer tiime within the rare of t[e atoni c field ac

lower incidert ,uergies.
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TREE BOPY ELECTRON CAPTURE

in three body electron capture the energy released by the process

is converted, rot into a photon, but into kinetic energy of the third

body. The magnitude cf the attachment cross section for this process

can be determined by arcumencs based on two body collisions. The third

body will be effective in absorbing energy only if it makes an

cifective collision with the capturing atom, when the electron is also

within an atomic radius (r 0 =108 cm) of the capturing atom. If N iso

the mean tree path for effective collisions between the atom and a

single third body, then the probability for an effective collision is

to a good approximation r 0A . This results in an effective three body

attachment cross section that can be approximated by the following

expression in, terms of an effective cross section per unit

concentration of the third body.

2 o
Qr 

-

Thus it remains to determine X , which varies considerably depending on

the nature of the third body. Two cases will be considered:

I) when electrons are third bodies, and

2) wher atoms and molecules are third bodies.

When electrons are the third body, the effective cross section for

16i 2
energy transfer is on the order 10 cm , and the mean free path for a

unitary third [ cdy density simply becomes

= 1016cr (111)

and the third booy aztachment cross section is on the order of

-40c2 (112)
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In comparison to dissociative dtdchieft, an electron number aerisity

greater than or eoual to 1020 cm3 would be required to produce a

comparable number of negative ions per sec. For most purposes this is

an exceptionally large electron density.

When atorfis or molecules are the third body, two cases exist:

resonant and non-resntant energy transfer. In the resonan~t case, the

energy trarsierred is atsorbed totally as internal energy in the third

body. The cross section for this process is known to be quite large or,

the order 10-14cm? or greater(keference 8). This yields a mean free

path and effective attachment cross section of

10 14cm 1 0- 8cM2  (113)a

Thus third body densities of 1018cm-3 or larger would be necessary to

make three body attachment comparable to that of dissociative

attachment. Thus molecules possessino several internal degrees of

freedom are the most effective as third bodies. However, energy

transfer into vibrational motion often is not as efficient as transfer

into rotational motion.

. 4. ION PAIR V-)RMATION

The last process to be discussed which forms negative ions is ion

pair formaticn or polar excitation. Puring this type of collision, an

election excites a molecule (XY) to an unstable electroric state which

" dissoc,etes spontaneously.

XY + e- + Y- + e- (114)

This -rocess differs from the previous processes in t'at the electron is

"" iot adptured during the cullision, but corresponds to an inelastic

collisicn in which the electror: acts as a s(urce of enerv for
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electronic excitation. Thus polar excitation occurs at much higher

electron energies than the capture processes. Minimum threshold

energies, Eth usually range from 10 to 25 eV.

A typical potential energy curve for this process is depicted in

Figure 59

4 x+Y

R, R.
DISTANCE

Fig 59. Potential Energy Curve For Ion Pair Formation

Again the heavy solid line refers to the ground state of the neutral

molecule. The thinner line refers to an unstable electronic state which

dissociates spontaneously into ions. The energy at infinite nuclear

separation tends to a value of E. - E., where Ei is the ionization

energy of X and Ea is the electron affinity of Y. The final relative

kinetic energy (T) of the ions is given by the following equation:

T = ETh +E - E (115)

where D is the dissociation energy of the ground state. Thresholds for

ion pair formation for several diatomics are previously listed in Table

9.

The shape of the cross section for polar dissociation differs from

the previous capture process. Actually it resembles the shape of other

electronic excitation processes and thus is typified by a sharp rise
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near threshold to a maximum on the order of 0- -10"Cm at 2 to 4

times the threshold energy, after which it declines. The aecline being

inversely proportional to the energy or more slowly if optical

transitions are allowed between the ground state and the excited state

(Reference 68:497).
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APPENLIX B. PARAMJETERS FOR GLOW

CODE CALCULATIONS

T iis appendix describes the parameters used to characterize the

ionization, attachmert, diffusion, and ion-ion recombination

coefficients as well as the ion drift velocity. Most of the data for

the rare oases was taken from the literature. Etfort was taken to

obtain the best parameters for HCl from drift tube measurements of

Davies (Reference 33:31-55).

The parameters for the rare gases are summarized in Table 11. A,

B, and s refer to the parameters in Equation 41 and were taken from

Ward (Reference 95:2790). The transverse diffusion coefficient was ob-

* 11 tined from data tabolarized by Dutton (Reference 39:6491 (He), 651

* (Ir), 654 (Xe)). The mean free path A was estimated using the formula:

X = N (116)

where o is the momentum transfer cross-section. Momentum transfer

cross-sections have been tabulated by Kieffer (Reference 54 :2(he),

Table 11. Parameters Used to Describe Kare Gas Processes

in the CLOW Code

-- s ep A r k

1 Volt" cnitor cm cmtorr

cm torr cm2 torr SeL volt sec
He 4.1 14. 1.35EF, .052 8.[-3 4.1E4

,r 29.J 26.64 - 3.(L6 .311 3,-2E-3 8.25E3

X 6S.3 36.Ob : 1.64E6 .124 5.E-3 4.0L3
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13 (Ar), 17 (Xe)). The value of the momentum transfer cross section at 1eV

was used. This energy is representdtive of electrons diffusing raoially in

the positive cclumn region of a discharge. The value of r was also taken

from the data given by Ward (keyerence 92:2-91) for v+ and ve.

The ion-ion recombination rates were estiriated using the approxi-

mate scaling formula developed by Hickman (Reference 49:4875). The formula

is given by

:-K = l/ 25(11)
r r T 1/2m/2 2/5

00K M (E.A.)

where T is the gas temperature in degress Kelvin, mr is the reduced mass

of the diatomic molecule in a.u., and E.A. is the electron affinity of

the negative ion in eV. The values of these parameters and the result-

ing ion-ion recombination rate for a 3CC°K gas is given in Table 12.

Table 12. Parameters for Calculating Ion-Ion Recombination Rates

E.A. (CI-) K

(a.u.) (eV) (cm/sec)

He 4. 3.613 7.2E-6

Ar 39.95 3.613 3.15E-6

Xe 131.3 3.613 2.59E-6

The ionizatior and ttachment coefficients for HLi were curve fit

from the experimervtai data of Davies (Reference 33:33). Using Equation

41, both vdlues ol s =  and s = 1 were tried. The value s = I (ave

the best tit, which also yieldea values for A = 14.34 and B = 243.94.

In order tc model the attachment coefficient c;ver the complete range,

I .6



both Equations 42 and 43 had to be used. A fifth order (n=5) polynomi-

al was used for E/p < 90v/cm-torr with the tollowing values for coeffi-

cients

ao  -.748878814,
0
a= 1 4582651,

a2 = -.0052731662,
a3 = 9.48227228E-5,
a 4 = -7.86191615E-7, and
a= 2.46552683E-9.

For E/p 2 90v/cm-torr, the best f't was given by C = .254193623029,

D = 9.14964650482E-3, and t=]. This concludes the data inputs used for

the GLOW code except for the discharge parameters, such as current,

pressure, and electrode separation which are discussed in the Section

*III with the results of the calculations.
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APPENDIX C. PARAMETERS FOR SHEATH

CODE CALCULATIONS

This appendix describes the parameters used in the SHEA1h code.

The initial values of code parameters will be sumjarized first followed

by a description of the electron impact cross-sections used in calcula-

ting the electron distribution function.

The discharge parameters are summarized in Table 13. The anode

was placed just outside the cathode fall region %here the electric field

leveled off to a constant value. This was done to keep the erergy step

size as small as possible, less than 1.6eV, in order to maximize the

energy resolution in calculating the distribution function. With this

step size limitation, lengthening the electrode distance was not feasi-

ble since most of the storage space on a Cyber 74 was already being

used. For 100% He, the electrode distance was 2.2 cm and for the re-

naining He/HCl mixtures the electrode distance was 2.1 cm due to the

* contraction that accurred. J is the discharge current density and Y is

the secondary emission coefficient. The distribution of electrons

!able 13. Discharge Parameters Used in the SHEATH Code

D J

F, ixtures (cm) ( amp/cm2)

He/HCl 2.1-2.2 16 .2

Ar/HCl 1.15 10 .0417

Xe/HCi .87 10 .C04
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leaving the cathode was the same as that used by Lone (Reference 60)

and is displayed in Figure 60. The x axis is plotted in terms of ener-

gy bins which were typically 1. - 1.6eV in width depending on the gas

mixture. This distribution is higher in energy than the one used by

Loeuf et al. (Reference 14) which was a flat isotropic energy distribu-

tion over the range of 0 to 5eV. Boeuf and Marode kReference 13) later

used a narrower distribution which wds isotropic and flat between 4 and

5eV.

The gas parameters are summarized in Table 14. The gas density

was constant throughtout the discharge and was determined from the gas

pressure, PO and temperature, T 0. The positive ion mobility, k+ was

obtained from Ward (Reference 92:2791) and was the same as that used in

the equilibrium analysis. Qmax determined the point at which the code

transforms from energy space to spatial coordinate as described earlier.

It was varied so the coordinate transition was as close as possible to

*_ the minimum of the electric field within the bounds of Equation 88.

Table 14. Gas Parameters Used in the SHEATH Code

PO T0  k+

cm -tort

Mixtures (torr) (oK) volt sec

he/HC] 1 300 4.lE+4

Ar/HC1 1 300 8.25E 3

Xe/HC1 1 300 4E+3

The cross sectiors for He, At, Xe, and HCI which were used in the

SHEATH code calculations are discussed next. The most important cross

c.
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sections in the calculations are the i nization cross sections of the

rare gases. This cross section determines how quickly the electrons

multiply, and thus directly effects n and dE/x in Poisson's equation.!> e

For the rare gases, the ionization cross section was obtained from

meascrements by Rapp et da. (F',ference 75) over the complete range.

The ionization cross section for HCI had to be extended above MOeV.

Since HCI was used in small concentrations and the mean electron energy

in the HCl mIxtures was always less than 87 eV, any error in the

approximation should be negligible. iore specifically the peak

electron mean energy ranged in He mixtures from 59eV to 99eV in pure

lie, for Ar mixtures it ranged from 20.5eV to 2l.eV, and for Xe mixtures

* 'it ranged from 25.4eV to 25.9eV.

"The six cross sections used to model the electron kinetics in He

are plotted in Figure 61. The threshold and references for each range

are listed in Table 15 below. The electronic cross sections were

extended using the formulas listed under the reference column.

The cross section for Ar are plotted in Fiyure 62 and the refer-

ences and thresholds are given in Table 16. The three electronic cross

sections were derived using a standard technique of backing out cross

section Irom transport data using a coce which solves the equilibrium

Boltziann equation. Ratios between these cross sections were ohtained

from data of Egyarter (Peference 41)), Ganas, etal (Reference 44), and

Chutjan (Reference 28). keeping the ratios constant, the sum of the

three cross sectiuir was then varied ano the predicted electron crift

velCOty and Townsend ionizction rate were compared with transport data

listr! in Dutton keference 39) and Specht, et al. (Reference 83). Up

to 2CCV, the ayreement with tidrsport data is within Y and the tota.l
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Table 15. Electr-un Impact Cross Sections in lie

Process 1hreshold Range References

(eV) (eV)

Momentum 0. 0.-6. Kieffer (Reference 54)
Transfer 6.-500. Hayashi (Refer-nce 48)

Electronic

3 12PS + 2 S 19.805 0.-23.54 Kieffer (Reference 54)
24. -100 Constant
100.-500. cy=.624/i

23P 20.949 0.-199.6 Kieffer (Refrerce 54)
200.-S00. 0o .02755/E-

2oP 21.203 0.-196.1 Kieffer (Reference 54)
200.-500. 1. 179/

3 1  P 23.071 0.-27.8 Kieffer (Rference 54)
210.-500. =.3605/c

Ionization 24.586 0.-19. Rapp, et al.(Reference
75)

Table 16. Electron Impact Cross Sections in Ar

Process Threshold Range Reference
(eV') (eV)

Moentum 0. 0.-30. Kieffer (Reference 54)
Transfer 30.-500. Long (Reference 60)

El ectroni c

23/2(3p )11.6 0. -500. Derived

p112 (2p )11.8 0. -500. Derived

Remaining 13.2 0.-500. Derived
Liec tonic

lonization 15.759 0.-500. Rapp, et al.(Reference
75)

194

Moenu*O.0.30 Kife *Rfrec 54)-



electronic cross section agrees well with Jacob and Mangano (Reference

53) up to 17eV where their cross section stopped. The shape of the

total electronic cross section for higher cross energies was obtained

from de Heer, et al. (Reference 35).

The cross sections for Xe are plotted in Figure 63 and the refer-

ences and thresholds are given in Table 17. t"; for Ar, the electronic

and a section of momentum cross section for Xe were derived by backing

them out of transport data.

Table 17. Electron Impact Cross Sections in Xe

Process Threshold Range Reference

(eV) (ev)

Momentum 0. 0.-6.5 Kieffer (Reference 54)
Transfer 6.5-20. Derived

20.-500. Hayashi (Reference 48)
Excitation 8.32 0.-500. Derived
Ionization 12.13 0.-500. Rapp, et al.(Reference

75)

The momentum transfer cross section was lowered in the region from

aboLut 6.5 to 20eV in order to get the drift velocity to agree within

20% of that measured by Huang (Reference 50) and the data listed in

Dutton (ref 39). Huang found that the electron mobility for fields

above 4Td remained constant, given by wN = 5.5E21

molecules/(v-sec-cm)4. The shape of the electronic cross section below

11eV was taken from Dowell's unnormalized data (Reference 37). The

ionization rate predicted from the Boltzmann code agreed within 20%

with the data in Dutton (Reference 39) up to 60Td using this electronic

cross section up to 20eV. The shape at higher energies was obtained

from Ganas, et al. (ref 44) and de Heer et al. (ref 35) and normalized

195

* .. . - .

• . . . , - " " " " "'' " ' '• , V-m* *i . m . ' -



C -

0

Li

4-I -

Li

LiX

7 7



.+I--'4-

-2 .to the value derived for 20eV.

lhe cross sections for HCI are plotted in Figure 64 and Figure 65.

The thresholds and references for each range are listed in Table 18.

The electronic cross section for the B and C state was assumed to have

a peak at lOOeV which is slightly less than the energy of the peak of

the ionization cross section. The cross section was assumed to

.. decrease according to the formula a - 18./i. The shape of the

ionization cross section from Compton, et al. (Reterence 79) was used

over the range 100-280eV and normalized to Lavies' data. At higher

energies the shape of the ionization cross section for 02 (Reference

75) was used which also peaks at the same energy. It was normalized to

the HCl ionizaton at 280eV. This concludes the discussion of the data

inputs used for the SHEATH code.

Table 18. Electron Impact Cross Sections in HC

Process Threshold Ranoe References
(eV) (eV)

Momentum 0. 0.-I00. Davies (Reference 33:45)
Transfer 100.-500. Logrithrimic c. - ,.polation

Vibration
v = 1 .36 0.-7. Davies (Reference 33:46)
v = 2 .70 0.-7.2 Davies (Reference 33:47)

Attachment
Cl- .67 0.-2./ Davies (Reference 33:47)
H 5.6 0.-12. Davies (Reference 33:48)

Excitation
A 5.5 0.-11. Davies (Reference 33:47)
B + C 9.3 0.-l00. Davies (Reference 33:4:)

100.-500. Derived

Ionization 12.74 0.-I00. Davies (Reference 33:48)

100.-500. Derived
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